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RF/MICROWAVE CIRCUIT
DESIGN FOR WIRELESS

APPLICATIONS



1

INTRODUCTION TO WIRELESS
CIRCUIT DESIGN

1-1 OVERVIEW
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Figure 1-1 Simulated antenna radiation of a Motorola flip phone.
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1-3 THE RADIO CHANNEL AND MODULATION REQUIREMENTS

1-3-1 Introduction
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Figure 1-3 Single-chip direct-conversion transceiver by Alcatel. Channel selection is accomplished at
baseband by low-pass switched-capacitor filters in a companion mixed-signal complementary metal-ox-
ide semiconductor (CMOS) IC. A trimmed resistance-capacitance/capacitance-resistance (RC/CR)
network generates the necessary quadrature signals for the chip’s mixers.
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Figure 1-4 Mobile receiver affected by fading.
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Figure 1-5 Receive signal as a function of time or position.

Figure 1-6 Rayleigh and Rice distributions.
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Figure 1-7 BER in a Rayleigh channel.

Figure 1-8 Channel impulse response.
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Figure 1-9 Calculation of delay spread.
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Figure 1-11 Channel estimation.

Figure 1-12 Channel equalization.
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Figure 1-13 BERs after the channel equalizer in different areas.

Figure 1-14 Fading simulator.
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Figure 1-15 Typical landscape profiles.
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Figure 1-16 Doppler spread.
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1-3-5 Time Response of Channel Impulse Response and Transfer Function
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Figure 1-17 Effect of transfer function on modulated RF signals.

Figure 1-18 Channel impulse response and transfer function as a function of time.
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Figure 1-19 Phase uncertainty caused by Doppler effect.

Figure 1-20 Effect of bandwidth on fading.
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Figure 1-21 Band spreading by frequency hopping and CDMA.
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Figure 1-22 Channel spacing in broadband/narrowband systems.

Figure 1-23 Frequency-division multiple access (FDMA).
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Figure 1-24 Time-division multiple access (TDMA).

Figure 1-25 Code-division multiple access (CDMA).
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Figure 1-26 Duplex spacing of transmission and reception.
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Figure 1-27 Timeslot, frame, and multiframe.

Table 1-2 Superframes and hyperframes

� � � ��	 ������� Q�(=�×��-P�������

Q�=4-P�������

Q�P�=-��

� � � �+� ������� Q�-).J�������

Q�-�I=(�P.J�������

Q�4����-,������4�(��
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Figure 1-28 Normal burst.
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Figure 1-29 Multipath reception due to reflection and diffraction. The base transceiver station (BTS) is
transmitting to the mobile station (MS).
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Figure 1-30 Channel impulse response.
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Figure 1-31 Guard period at the end of each timeslot.

Figure 1-32 Signal delay and its effect.
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1-4 ABOUT BITS, SYMBOLS, AND WAVEFORMS

1-4-1 Introduction

A���
�����	��
��������@7������������
��������
����� �����������$��
����@7����������



��� ������� ������
�� �� ��� �� ����
� �� ������� ������� ������ 
��� �	����� �� ������

��������������	���
�
����	��������������������
����
����� ����
��7��	���=�4.!�����

��
�������� ����
����
���������������
��
���
����������������1)2�����1=�2��	
���

����������������
���	�
���������
��������������$����������� ����
��������������������
�

�������� ����
���� ����������������������
�����������	������
����������������
�����
�

Figure 1-33 Burst types.
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Figure 1-34 At base, digital modulation involves frequency shifting a baseband digital signal to RF. In
practice, the process is more complicated than this because of bandwidth constraints on the resulting
RF signal.

Figure 1-35 Digital modulator.
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Figure 1-36 The information channel.
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a(t) cos[2πfct + ϕ(t)] = cos[ϕ(t)]a(t)cos(2πfct)

− sin[ϕ(t)]a(t)sin(2πfct) �=�,!
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Figure 1-37 The bandpass signal and the I/Q representation of a carrier.
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Figure 1-38 Different forms of signal representation.

Figure 1-39 Principle of a digital I/Q modulator.
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Figure 1-40 I/Q modulation (MSK and GMSK).
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Figure 1-41 Constellation diagram, and baseband and RF signals of 16-QAM.

Figure 1-42 4PAM/FM.

                   1-4 ABOUT BITS, SYMBOLS, AND WAVEFORMS  35
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Figure 1-43 Occupied bandwidth in the baseband and the RF range.
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Figure 1-44 Correlation receiver.

Figure 1-45 Coherent demodulation.
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Figure 1-46 Amplitude shift keying (ASK) and phase shift keying (PSK) in the time domain.
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Figure 1-47 ASK and PSK in the I/Q plane.

Figure 1-48 ASK and BPSK in the frequency domain.
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Figure 1-49 Quadrature PSK (QPSK) modulator (I/Q modulator).

Figure 1-50 QPSK constellation diagram (left) and modulator (right).
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Figure 1-51 Result of QPSK modulation in the time and frequency domains.

Figure 1-53 Bit error rate (BER) in terms of Ebit/N0 for BPSK, QPSK, and ASK.

Figure 1-52 QPSK spectrum.
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Figure 1-54 Maximum interference voltages for BPSK and QPSK, where VC is the carrier voltage of
the desired signal and Vinterfere is the carrier voltage of the interfering signal.

Figure 1-55 Bandwidth requirements (left) and constellation diagrams (right) for BPSK and QPSK. For
each emission, all symbols are transmitted at the same amplitude, as is indicated by their equidistance
from the constellation origin.
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Figure 1-56 Quadrature amplitude modulation (QAM), with constellation diagram for 16-state QAM
(16-QAM). Because transitions between QAM symbols involve shifts in phase and amplitude; even
unfiltered QAM is a combination of amplitude and angle modulation.

Figure 1-57 Bit error rate versus Ebit/N0 for BPSK/QPSK, 16-QAM, and 64-QAM, showing the
significantly greater SNR necessary for a given BER as the number of signal states is increased. In
64-QAM, each symbol represents 6 bits.
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Figure 1-58 QPSK spectrum resulting from pseudorandom binary sequence (PRBS) data. Most of an
angle-modulated emission’s infinite sidebands are unnecessary for communication and can be removed
by filtering—at the cost of introducing amplitude variations that must be sufficiently preserved to keep
the bit error rate low.

Figure 1-60 Spectrum of a band-limited QPSK signal.

Figure 1-59 Baseband filtering. Figure 1-60 shows the result for QPSK.
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Figure 1-62 Comparison of QPSK, MSK, and GMSK.
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1-5 ANALYSIS OF WIRELESS SYSTEMS

1-5-1 Analog and Digital Receiver Designs
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Figure 1-63 Dual-downconversion receiver schematic.
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Figure 1-64 Receiver sensitivity measure showing required C/N.

Figure 1-65 C/N ratio versus input RF power level.
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Table 1-6 Spur output powers and the
corresponding RF and LO harmonic indices
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Figure 1-66 4FSK signal generated in Symphony.

Figure 1-67 Mixed RF/DSP MFSK communication system simulated in Symphony.
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Figure 1-70 Clock recovery circuitry.

Figure 1-71 Input data, filtered input data, recovered clock, and final output data for the MFSK
communication system.
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Figure 1-72 BER versus SNR for the MFSK system.

Figure 1-73 Block diagram of a CAD-based PLL system.
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Figure 1-74 Open- and closed-loop phase noise for a CAD-based test phase-locked loop.

Table 1-7 Cellular and cordless standards
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Figure 1-75 Multiplexing schemes.

Table 1-8 Parameters of cellular and cordless systems
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Figure 1-76 Cellular structure. W = N × BC, where W is the full bandwidth and BC is the bandwidth per
cell. The number of channels/cell = BC/BU, where BU is bandwidth per user (FDMA) or N users (TDMA).
D = R√3N.
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Figure 1-78 Mathematical representation and hardware implementation of I/Q modulator.

Figure 1-77 SA900 transmit modulator.
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Figure 1-79 QPSK and π/4-DQPSK baseband generator.
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Figure 1-80 Serial-to-parallel conversion.

Figure 1-81 Signal constellation of QPSK and π/4-DQPSK.
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Figure 1-82 Digital FM (e.g., GMSK) baseband I/Q generator.
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Figure 1-83 Baseband processing for SSBSC AM.

Figure 1-84 FDD system using SA900.
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Figure 1-85 TDD system using SA900.
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Figure 1-87 VCO tank circuit.

Table 1-9 Possible configurations for IS-54 handsets

:��#�����(#
5��4��	�345
#��'����� 5��4��	�÷���3���� 4�������#��'�����

;I�$O +01 $A;�$O +01 O A$�IO +01

%$�O2 +01 $$O�O2 +01 O $��22 +01

28 +01 �� +01 O $8 +01

;2�O +01 $A��O +01 � $2�2 +01
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Figure 1-88 DUALTX output matching network.
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Performance of the SA900
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Table 1-10 Possible SA900 clock outputs
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� �� �������$ R�"����$�&�L��
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Third-order IM: 2f1 – f2 = fc – 3fmod, 2f2 – f1 = fc + 3fmod

 Fifth-order IM: 3f1 – 2f2 = fc – 5fmod, 3f2 – 2f1 = fc + 5fmod

   Seventh order IM: 4f1 – 3f2 = fc – 7fmod, 4f2 – 3f1 = fc + 7fmod
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Figure 1-90 In-phase and quadrature modulation test.
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Amplitude and Phase Imbalance. ,
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K2 + 2 × K × cos(φ) + 1
K2 − 2 × K × cos(φ) + 1
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Figure 1-91 Typical SA900 output spectra.
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φ = cos−1


10X / 10 × K2 + 10X / 10 − 1 − K2

2 × K + 2 × K × 10X / 10
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Figure 1-92 SSB suppression contours.
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Figure 1-93 SA900 ADC, PDC, and GSM outputs.
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Figure 1-93 Continued

Figure 1-94 Power ON time measurement.
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Figure 1-95 Output spectra of the SA900 in the 902-MHz ISM band.
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Figure 1-96 MC13109FB universal cordless telephone subsystem IC.
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Figure 1-97 Equivalent model of a film resistor above a ground plane.
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1-7 SYSTEM SPECIFICATIONS AND THEIR RELATIONSHIP TO CIRCUIT
DESIGN
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Signal-to-Noise Ratio (S/N, SNR) and Sensitivity. :���������� ���	�	
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Figure 1-98 Graphical and mathematical explanation of the noise bandwidth from a comparison of the
Gaussian-shaped bandwidth to the rectangular filter response.
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Figure 1-99 Bit error rate versus Ebit/N0 for BPSK/QPSK, 16-QAM, and 64-QAM, showing the
significantly greater SNR necessary for a given BER as the number of signal states is increased.
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Figure 1-100 The higher the frequency, the more quiet the RF environment becomes, although the
noise profile of specific sources may contradict this general rule.
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y = k1f(x) + k2[f(x)]2 + k3[f(x)]3 + higher-order terms ���7��
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Figure 1-101 Spectral regrowth results when a variable-envelope emission, π/4-DQPSK in this case,
is subjected to significant nonlinear distortion. This graph shows the simulated performance of a MESFET
power amplifier operating at 1 GHz; the amplifier is 6 dB into compression when driven at 15 dBm.

Figure 1-102 NADC signal and parameters, including channel spacing and channel bandwidth.
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������	�������	����	�

��9;����	������������#����'%���������	����	����9;4���	������������#�4��'%������������

������ ��� ������ �	���� ����� � (���� ��	��� ��� �	� ������� � ����	�*� ������� 	�� 
����%� ���

���	
������������	�������������%��	���������9;�	������#��,���	�����������	�*+�������

��� 9;�����	����� �	� �������	����	�� ����������	���3����������2�������	������������ �����

�	������	��������$�������	
������	�������	��	���� �(��������������	�����	���������9;�	����

Figure 1-103 The power level at which a network’s power output is down 1 dB relative to that of its
ideally linear equivalent is a figure of merit known as the 1-dB compression point (P–1dB). The 1-dB
compression point can be expressed relative to input power (P–1dB,in) or output power (P–1dB,out). For the
amplifier simulated here, P–1dB,in ≈ –14.5 dBm and P–1dB,out ≈ –1.3 dBm.

Figure 1-104 Influence of differential amplitude error (compression) on a QAM constellation.
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�,���������

 Rdn = (n − 1) 

IPn,in − Pin

���E��

Figure 1-105 Relationships between fundamental and spurious signals, including harmonics and
products of intermodulation.
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���#

Figure 1-106 The level at which the power of one of a network’s IM products equals that of the network’s
linear output is a figure of merit known as the intermodulation intercept point (IP). The intercept point for
a given IM order n can be expressed, and should always be characterized, relative to input power (IPn,in)
or output power (IPn,out); the IPin and IPout values differ by the network’s linear gain. For the amplifier
simulated here, IP2,in ≈ 1.5 dBm, IP2,out ≈ 14.5 dBm, IP3,in ≈ –2.3 dBm, and IP3,out ≈ 10.7 dBm. Each
curve depicts the power in one tone of the response evaluated.
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Figure 1-107 Measured distortion components in a wideband (5–1000 MHz) amplifier. Figure 1-108
shows a magnified view of the gain-compression region [15].
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Figure 1-108 Measured multiple-signal gain compression of the 5- to 1000-MHz amplifier [15].
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Figure 1-109 Determining a network’s noise power ratio (NPR) involves the application of a test signal
consisting of thermal noise [15]. (a) The reference measurement-channel noise power, P1, is then
measured. (b) Next, a bandstop filter is placed between the noise generator and network under test to
keep the test signal out of the measurement channel. Assuming sufficient filter attenuation, if the network
were absolutely noiseless and linear, the ideal noise power in the measurement channel, P2, would then
be zero. (c) In practice, the network’s own thermal noise and intermodulation between noise components
outside the measurement channel result in an actual measurement-channel noise power (P3) greater
than zero. The noise power ratio equals P1/P3.
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Figure 1-110 As a network is driven into compression, IM products at odd orders higher than 3 become
significant, and phase shifts in power-dependent device capacitances cause curves and dips in the IM
characteristics. The onset of these departures from IM-response linearity occurs at generally lower input
power levels for higher IM orders; their severity, and their position on the IM curves, differs among the
various products of a given order and varies with network topology and tone spacing. Figures of merit
based on straight-line IM responses fail to usefully predict nonlinear network behavior under these
conditions. This graph shows the simulated performance of a single-BJT broadband amplifier driven by
two equal-amplitude tones at 10 and 11 MHz.

Figure 1-111 Driving a network into compression and saturation shifts the bias point(s) of its active
device(s), changing their drive-dependent reactances and shifting the phase of the output signal relative
to its value at input levels below compression. This graph shows the simulated performance of a
single-BJT broadband amplifier driven by a single tone at 10 MHz.
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Figure 1-112 Influence of differential phase error (AM-to-PM conversion) on a QAM constellation.
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Figure 1-113 Keeping adjacent-channel interference under control can involve a critical trade-off
between a wireless transmitter’s power-added efficiency (PAE) and ACPR, as shown in this graph of the
simulated behavior of the 1-GHz MESFET power amplifier introduced into Figure 1-101. As the amplifier
is driven into compression, a peak occurs in the PAE response—in this case, at P–1dB—and the ACPR
rises sharply.

Figure 1-114 Close-in amplitude and group-delay responses for a 246-MHz SAW filter designed for
GSM applications [19]. This filter is well within its 3.0-µs differential group-delay specification across its
passband (160 kHz at –3 dB); the peaks just outside the passband limits are characteristic of a network’s
transition-band phase response.
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Figure 1-115 SSB phase noise. (a) An ideal signal generator would produce an absolutely pure carrier.
(b) A real signal generator acts like an ideal generator driven by a noise generator, producing a
noise-modulated carrier.

Figure 1-116 Oscillator noise can be split into amplitude and phase components.
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Figure 1-117 Phase noise calculation.

Figure 1-118 Phase noise of an oscillator controlled by a phase-locked loop.

Figure 1-119 Effect of improper loop-filter design.
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Figure 1-120 Measured phase noise of the Rohde & Schwarz SMY signal generator at 1 GHz. This
signal generator has no provision for digital modulation and therefore shows the best possible phase
noise in its class.

Figure 1-121 Measured phase noise of the Rohde & Schwarz SMIQ signal generator at 1 GHz. This
signal generator is optimized for all digital modulation capabilities and can be configured via appropriate
programming. Above 10 kHz, the influence of the wideband loop becomes noticeable; above 200 kHz,
the resonator Q takes over.
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Figure 1-122 Reciprocal mixing occurs when incoming signals mix energy from an oscillator’s side-
bands to the IF. In this example, the oscillator is tuned so that its carrier, at A′, heterodynes the desired
signal, A, to the 455 kHz as intended; at the same time, the undesired signals B, C, and D mix the
oscillator noise sideband energy at B′, C′, and D′, respectively, to the IF. Depending on the levels of the
interfering signals and the noise sideband energy, the result may be a significant rise in the receiver noise
floor.

Figure 1-123 Block diagram of an analog/digital receiver showing the signal path from antenna to audio
output. No AGC or other auxiliary circuits are shown. This receiver principle can be used for all types of
modulation, since the demodulation is done in the DSP block.
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Figure 1-124 Principle of selectivity measurement for analog receivers.

Figure 1-125 Principle of selectivity measurement for digital receivers.
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Figure 1-126 Dynamic selectivity versus IF bandwidth for (a) the Rohde & Schwarz ESH2 test receiver
(9 kHz to 30 MHz) and (b) the Rohde & Schwarz ESV test receiver (10 MHz to 1 GHz). Reciprocal mixing
widens the ESH2’s 2.4-kHz response below –70 dB (–100 dBm) at (a) and the ESV’s 7.5-, 12-, and
120-kHz responses below approximately –80 dB (–87 dBm) at (b).
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Figure 1-127 This graph shows the available dynamic range, which is determined either by the masking
of the unwanted signal by phase noise or by discrete spurious signals. As far as the culprit synthesizer
is concerned, it can be either the local oscillator or the effect of a strong adjacent-channel signal that
takes over the function of the local oscillator.
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Figure 1-129 The noise sideband power of a signal that results from mixing two signals depends on
whether the signals are correlated—referenced to the same system clock—or uncorrelated.

Figure 1-130 Effect of gain imbalance between I and Q channels on a data signal’s phase constellation.

Figure 1-128 Phase noise is critical to digitally modulated communication systems because of the
modulation errors it can introduce. Intersymbol interference (ISI), accompanied by a rise in BER, results
when state values become so badly error-blurred that they fall into the regions of adjacent states. This
drawing depicts only the results of phase errors introduced by phase noise; in actual systems, thermal
noise, AM-to-PM conversion, differential group delay, propagation, and other factors may also contribute
to the spreading of state amplitude and phase values.
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Figure 1-131 Effect of quadrature offset on a data signal’s phase constellation.

Figure 1-132 Effect of LO-feedthrough-based IQ offset on a data signal’s phase constellation.

Figure 1-133 Representing errors in a digitally modulated signal’s in-phase (I) and quadrature (Q)
values relative to the ideal as a single error vector allows us to derive the resulting error vector magnitude
(EVM), a sensitive indicator of transmission quality [20].
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Figure 1-134 The Rohde & Schwarz CMD 65 digital radiocommunication tester can be used to measure
all the relevant specifications of cellular telephones.

Table 1-13 Digital radiocommunication tester model CMD 80
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Table 1-13 (Continued)

	
�����
��������

ρ����	����E�± 10) 01 � ��4���	��ρ 6�� -���

3��$����#�
�����
�������� ±�4�*85

3��$����#�
�����
�������	� B���������±4��85

(�
����
�����
�������	� ±2����

(9;G'!:G

��������������

@	
�������$����# ���;85

3��$����#������������
���������������4E�01 ≤1.5 ×���
�2

3��$����#����� ≤� E�×���
�2

?#�����4E�01�

���������������
������
�

@	
�������$����# ���;85

3��$����#������������
���������������7E�01 ≤��×���
�/

3��$����#����� ≤��×���
�/

?#�
≤� E�×���

�-
?�#������4���#��	��	�����	�

��
������
������E�01� ���	, �E�
��

���������������������������
������

:#����	��5��	������������$����#����������� ����*85��	�7��;85%���������*85

9
������ ���	, �����Ω
Q���� ���'
��	�((Q

:#����	��5��	��	�����

3��$����# ���;85�	�����$����#����#����	��5��	�
�����

Q���� ((Q%�!	���6�E��Ω

� !"�#�����
�

G$���������	������������ � ��;85��#� 

&����F���
�������� �����	�A2��'�	���	�������������	���

���$
��#�������������

B��� ���	�±4��>

B��	����	� ���
>

G��	� �I�A����	����	�

����������������������

;	�� �������%�A��*%����*

B��� ���	�±���!

1	

	��
	�����F����	� ±4��>

:�������������� E��
Ω
B��	����	���	���������� �
!?���
!

B��	����	���	����* ���
!

B��������������	� S���
!

G��	� S�I�A����	����	��A����������������	�

                   1-8 TESTING  117



1-8-3 Base-Station Simulation
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Figure 1-135 Conversion of C/N or BER to Eb/N0.
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Figure 2-1 The large-signal microwave diode model. This model is temperature dependent.

Table 2-1 Large-signal microwave diode model keywords
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Capacitance = 
CJ0



1 − Vj / φ
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Transit time = Storage time
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2-1-2 Mixer and Detector Diodes

Electrical Characteristics and Physics of Schottky Barriers. (�����&�� ��		��	
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Figure 2-2 The dc I–V curves for seven diodes, showing the various barrier voltages that result from
different doping profiles.
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Figure 2-3 Schottky diode chip cross section.

                   2-1 DIODES  129



� � � B�����������������������������	

� �  B�
��
����		���������	���������������	��	
���		��%

'�����		��	���������φ)������������������������������������������	��������������������������φ�

�������!� G�M������	�����φ����	�������%��'��������������	������������������	�������
���

��	�
��
�������������	��������&���������������
�������������������������2)��φ)���
����	�����


���
�����������
���������

'�������	���������	���	��������φ)���������������������H�������������I���������������		��	

��������������	�
�������������	�������
���	����������������	����
���������������������
������������	

����������	���	�����
�����	�����������������������������	�����	���	���
���
�������������

�
���		����'����������������������	����	�������������������2����	
��F������������

I = IS 



exp 
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IS = AARCT2exp − 
qφ0

kT
                    

≅ 




107A
cm2




 Aexp 




− 

φ0

0.026




     (for n silicon at room temperature) �9� !%
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Small-Signal Parameters. ��� �������� .���� �9�?%� �
� �9� !%�� ���� ������� ��� ���

��	�����	�� ��.����9�?%�������
�	���
��	���������������������	�������"�����������

���������������
�	���
������ ��������������	�������������
���	��	�
�����������	��

����<

RS = 
VF10 − VF1 − 0.065

0.009
  (for n = 1.08)

�9�  %

φ0 = 
VF1 − 0.001RS + 0.28 + 0.12log10 D

1.08
�9� 9%

n = 
VF1 − VF0.1 − 0.0009RS

0.060
�9� A%

K = 




IR1

IS
 − 1




VB

�9� =%

IS = exp



− 

VF1

0.028
 + 

RS

28




(in mA) �9� G%
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��� !��	��������	��	
�������������!� �� ���
� !�����	��������������
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RT = 
dV
dI

 = RS + 
nkT

q(I + IS)
 = RS + RB �9� K%

�


RB = 
28

I + IS
 at room temperature (with I and IS in mA, n = 1.08) �9� >%

'�����������������������
����$�	��������������,������	����	����	����	�����������������	����

���&���%��'�������

R0 = RS + 
28
IS

�9� /%

+�	�	���	��������������������������������
������	������������
������
��������,���	�<

RR = Reverse resistance = 
dV
dI

 ≅ 
VB

KIS

�9� ?%

+�	������������������� $���!������	��	�����G!!!�Ω��
���������	��	����� !!�&Ω��+�	�����

$�	�������(�����&���������������������
���	�������	��!���������
��������	����������
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CJ = 
εSε0A′

XD
 + C0

�9�9!%

XD =      
2εSε0(φC − V)

qN

�9�9 %

���	��φ B����������������

� � �! B����	�������
�����
%�����������

� � ε$ B�
������	�����������������������
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� � - B�
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CB0 = 
εSε0A′
XD0

�9�99%

���	�

XD0 =      




1.3 × 1015

ND




φC      (in µm) �9�9A%

'���	���������D��	������������������	����

CJ = 
CB0

√1 − V / φC

 + C0
�9�9=%

'��������������������φ)�����	�����
����������		��	������������������<
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φC = φB − 0.026 



1 + Ln





NC

N




 





�9�9G%

'�������	������������������������	������������	����
�������&������+���	��9�=�

Parameter Trade-Offs

Barrier Height. '�����		��	�������������(�����&��
��
����� ����	���������������
�	�����
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Figure 2-4 Schottky diode band diagrams.
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CJ0 ≈ 
100
ω

≈ 
1.6
f

    (in pF) �9�9K%
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���		��������������
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���������� �+���	��9�G%�� ���� ����������������������� ���������� ����������������

Table 2-3 LO power and VF1 for various applications

'��� '��������� 63�,���	 ����������

HL�	������I !� !D!�9G P�!� ��0 "�������	�
������	�

6�����		��	 !�9GD!�AG !�9D9��0 6���
	��������	�

"�
������		��	 !�AGD!�G! !�GD !��0 4��	�����	����

#������		��	 !�G!D!�/! O� !��0 #����
������	���
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2-1-3 PIN Diodes

Introduction. '���,-7�
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Figure 2-5 Forward dc characteristic curve range—current versus voltage.
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Large-Signal PIN Diode Model. +���	��9�?����������� ��	�����������
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Figure 2-6 Junction capacitance range versus voltage.

Figure 2-7 RF parameters versus local-oscillator drive level.

136  MODELS FOR ACTIVE DEVICES



Basic Theory: Variable Resistance. -�	������	�H��	�I����������������������	����
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������	����(��������������������	���	���������
�<

*������	�����������	�������%  9

*������	�����	���� =!!�MC��������	�������%

(��������
����� 9�A

(������������ !�>9�:C��⋅�R)
'��	������
��������  �G�0C���⋅�R)
2���������� A!!�!!!�ΩC��
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�������������������������������������������	������	������	��������������	���
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Table 2-4 X-band mixer diode data

"���	��� ��		��	
'���������

�S ���%
'������
��!��4#$%

'��������$

�Ω%
'������
�%!���+%

"������
7+��
�%

��4��� #��� !�>!  !!! 1 !� G G�!�

��4������6% #��� !�>! G!! 1 !� G K�!�

��4���������% #��� !�>!  !!! 1 !� G G�A�

��(��������6% 6�� !�9/  G! K !�9! K�G

��(����������
% 6�� !�9/  G! K !�9! K�G

��(��������6% 6�� !�9/  G!  9 !�9! K�G

��(��������6% #��� !�K!  !! / !�9! K�G

��(����������
% #��� !�K!  !! / !�9! K�G

��(����� 6�� !�9/ 9!! K !� G G�G

��(����� 6�� !�9/ 9!!  / !� = K�!

��(����� "�
��� !�=!  G!  G! !� 9 K�G

��(����� 6�� !�9/  G! / !� / K�G

��(����� 6�� !�9/  G!  9 !� / K�G

aSpecified for NF = 1.0 dB.

Figure 2-8 The linear diode model. This model is temperature dependent.
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Table 2-5 Linear diode model keywords
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Figure 2-9 The large-signal PIN diode model. This model is temperature dependent.
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Figure 2-11 General outline of PIN diode construction.

Figure 2-10 Simulated PIN diode resistance as a function of dc at 1, 10, and 100 MHz.
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Figure 2-12 Typical series resistance as a function of bias (1 GHz).
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Figure 2-13 Current versus voltage for various PIN diodes.
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Figure 2-14 Equivalent circuit of I region before punchthrough.
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Figure 2-15 Typical 1-MHz capacitance.

Figure 2-16 Simplified equivalent series circuit.
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Figure 2-17 Reverse series resistance Rv.

Figure 2-18 Simplified equivalent circuit, shunt.
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Figure 2-19 Reverse shunt resistance, Rp.

Figure 2-20 Insertion loss versus frequency.
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Figure 2-21 Forward resistance versus forward current.
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Figure 2-22 Second-order IMD in a PIN diode. Equation (1-48) can be used to determine the diode’s
IP2 from the absolute values of its fundamental and IM2 outputs.

Figure 2-23 Cross-modulation in a PIN diode. Equation (2-61) relates cross-modulation level to IMD.
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Figure 2-24 Basic circuit of a π-mode filter attenuator.

Figure 2-25 Values of R1 and R2 in Figure 2-24 versus relation of input and output voltage.
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Figure 2-26 PIN diode π-mode attenuator.

Figure 2-27 Internal circuitry of the TDA1053.
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152  MODELS FOR ACTIVE DEVICES



)#�2�)'.2-('-)(�-7�'#.�'.('�)-2)5-'��+-452.�9�9/%��'������B�9G�R)

M���������	� N��	������
������� ��	  M

����������������=!D !!!�"#$�	���<

� �������B� �G�M�� D9�M%� ���� =G��O�AK%� 
�

� �������B�G�M��=DG�M% ����  �G��P�9% 
�

2��������������������������=!D !!!�"#$

	�������	��������	�����	���	�����
���
��

����	�����
����

�	���� 9!��O� K%� 
�

'�����
����	�����������������������
��������������	���,-7�
��
�������������G!�=

�����������&�������	����������	��������������	���������
���������������������������

���	��������������������'���������
��������������	������������+���	��9�9/����������	����

�����	������	����	�����������������	��'��������������	����	������������������������
����

	���������������������	��������	������	���������+���	��9�9?������������������������	��

�������������+���	��9�A!������������������������
����	������	���������������������������

�	�������

2-1-4 Tuning Diodes

Introduction. -�	��������	������������
������������������
��
��1�����&�����

�	���
	���	��	�����1�������	��������	����
������	������
�������	������������
�����������

��������	���������3��	��	�
������������
�	������������)���		���������������������	��	�
���

��� �
� ���	������ �� ����	��	���� 
����� �	������ �� ���� ������
����	� ��	���� ���

����������D����������������������������	�����������������������	��	�����	������	�����������	�

)�		��������
��
������	���������
����������
����������	���
�@���������������	�
���	

����������
�����	�3��������������	���#+���	��������	�������	����������#���	��	���

��	����	��������������������	�� ��
������������������� �������	����� �������������	��

���	������	�����������	�����������	��������
�����������	����
�
��7���
����������

����
���������������������	��	�������	����	�������
���	������������������

Figure 2-30 Attenuation versus frequency.
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Figure 2-31 (a) Basic PIN structure; (b) cross section of a reverse-biased pn junction; and (c) density
distribution of free charge carriers.
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Figure 2-32 N–X abrupt junction.
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Figure 2-33 Capacitance versus total junction bias for abrupt-junction diode.

Figure 2-34 N–X linearly graded junction.
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Figure 2-35 Capacitance versus total junction bias for linearly graded junction.

Figure 2-36 N–X hyperabrupt-junction diode.
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Figure 2-37 Typical n versus reverse voltage characteristic for hyperabrupt-junction diode.
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Figure 2-38 Capacitance versus junction bias for hyperabrupt-junction diode.
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Figure 2-40 Capacitance ratio versus breakdown voltage.
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Figure 2-41 Temperature coefficient of capacitance versus tuning voltage for an abrupt-junction diode.
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Figure 2-42 Temperature coefficient of capacitance versus tuning voltage (TA = 25 °C) hyperabrupt-
junction diode.

164  MODELS FOR ACTIVE DEVICES



"#$��-����
�����
�������
��������3���������	�
�������	�������	���������������� DA�4#$%

�
�	�����
����G!�"#$��������	����������

Q(f1) = Q(f2) 
f 2

f1
�9�G %

������
�	���������&����	�����������������������������
���
���������������	����	�������

(����������������������������
���������������	�	����������	�����������������������


�������������������������������������3����������������������	����������	������������������

������)������������������������������������3����D=�M���������	���������������������������

�	���	�����������

2�����������3�D=%��3���	�����������	���������	�
���������������������	�������	����	����

=�M��
������	������
��	�����������	���	���������������=�M�

-������������������������������
�����������
��
��
�������	�����	�������
���	����3�

+����������������������
���	����������������	��3������	���������������

Causes. -� ����
������������
��������������� ����	����������������������������	��������


�������
���������	�������������������������	������
��	��&
����+�	����������'�����9�>

��������� �������� 	����������� �
� 	�������� ��	�����	�� ��� !�K� �+� ��%�=%%� 
��
��� ��� 
����	��

�	��&
�����-�����	������	������������������������	������	��&
�����������������	����

�����������������
������
�����������������������
������
���	�����	��������	����������

��	���������������	��������������������
������
�$����'���������
����������H�
������
I

	����������������������������������

'��� ��	������ ����	��
��%� ��� ���� ��	���� 	��������� ������� ���� ���������� 	����� �
� ���

����	����������������	�����'����������������	����	��
����$�
�����
	���������������	��������

����	��	����������������	��������������������������
������%���
�����	����������������	���

�����������
���'����	���������������������
���
����������@������������	�����������

����&����	������
���
����������
��������$������D=�M������

7���� ���� ����������� 	�
������ ��3� ��	� ������������� 
��
��� �����
� ��� ���� ��	����


��������������	�	��������@����������	�����	�������������������������	�������������������

+�	� �	����	� �������� �	��&
���� ���� ���������� 	����� ����&��������� ��� ��	����
�������

	����	�������	���������������������	�	����������@����������	�����	�������������������
������


$�������������
�������������������������������
�	���	��������������
��
�������������	��������

��	�������������������

)�������������	����������������	���<�+�	���������3�����	���������������
��
�

����������������	��&
�������������������������
�
���	�����������	�������	�����-�����

Table 2-7 Parameters for 0.6-pF diode
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Table 2-10 Comparative Tuning Diodes
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a Minimum guaranteed.

Table 2-9 Capacitance ratios (CJ0 / CJVB)
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Figure 2-43 Interfering signal (30% amplitude modulated) level versus bias for 1% cross-modulation
for abrupt-junction and hyperabrupt-junction diodes.
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Figure 2-45 Back-to-back diodes. CP is a fixed parallel capacitance, RB is a bias decoupling resistor,
and the capacitor marked ∞ is a low-impedance bypass.

Figure 2-44 Signal level versus reverse voltage for 10% harmonic distortion.
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Figure 2-46 Capacitance/voltage characteristic for (a) an alloyed capacitance diode, n = 0.5; (b) a
diffused capacitance diode, n = 0.33; and (c) a wide-range tuner diode (BB141).
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Figure 2-48 Basic current/voltage and capacitance/voltage characteristics.

Figure 2-47 Capacitance/voltage characteristic of the BA110 diode.
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Figure 2-49 Equivalent circuits for capacitance diodes: (a) complete circuit, (b) simplified circuit, and
(c) further simplification for low frequencies.
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Figure 2-50 Capacitance/voltage characteristic of diodes BB141 and BB142.
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Figure 2-52 Capacitance (normalized) as a function of the junction temperature.

Figure 2-51 Slope (normalized) as a function of the reverse voltage.
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Figure 2-53 Temperature coefficient of capacitance as a function of the reverse voltage.
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Figure 2-55 Q as a function of frequency.

Figure 2-54 Q (normalized) as a function of frequency.
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Figure 2-56 Series-resonant frequency (normalized) as a function of the reverse voltage.
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Figure 2-57 Cutoff frequency for Q = 1 (normalized) as a function of the reverse voltage.
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Leakage current at VR = 28 V:    IR < 50 nA
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Figure 2-59 Parallel-resonant circuit with tuner diode, and bias resistor parallel to the series capacitor.

Figure 2-58 Leakage current as a function of reverse voltage.
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Figure 2-60 Parallel-resonant circuit with tuner diode, and bias resistor parallel to the diode.
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Figure 2-61 Parallel-resonant circuit with two tuner diodes.
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Figure 2-62 Diagram for determining the capacitance ratio and minimum capacitance.
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î(1 − n)
ωCtotVR

 sin ωt




1 / (1−n)
 − 1





�9�?9%

��������������������������������������������������������	�����	�������&������������	����

'�������������������������
������������	�����������������	������
�������������������

����������+���	��9�KA��#�����	��������������
����	������
������������������������������

�����	���������
�
�����������	�
��
����	�����
�������+���	��9�K �

)3",.7(�'-74�'.",.2�'52.�*.,.7*.7).� ��� ���� ��	��
�� ���� ������
�� ��	������� �	�

�����
�������������������������
��
���������������
���
�����������
�����������������

Figure 2-63 Capacitance increase as a function of the ac voltage drop across the tuner diode.
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Figure 2-65 Temperature-compensation circuit with transistor.

Figure 2-64 Temperature-compensation circuit with diode.
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Figure 2-66 Admissible alternating voltage for a 2% frequency shift as a function of tuning voltage.

                   2-1 DIODES  189



Static Stability. '�����	���	�������	������	�������������������	�����	������������	�
��
���

������������������&������		��������������&��������������0���
����	���������������	���

������	�����������������

VR = VB − IRRB
�9�??%

�����������	���&������&������		��� ���������������������	�����

dVR = dVB − RBIR 




dRB

RB
 + 

dIR

IR
 + dVB





�9� !!%

'�������
�������������������	�������	������

df
f

 = 
n

2(VR + VD)
 



dVD − RBIR 





dRB

RB
 + 

dIR

IR




 + dVB





�9� ! %

'���	�������	������������	�������������������	���������������
����������	���������

������������'�����������������������	���	��
���
�����������
��������������������
����

������������������	��
������
�������
��-��������	���������	����������)����������������

��������������������	������(!�) ��))��
������������������������	���	��
���
��������������&���

��		��1
���������	����	�� !�R)������	���	��	���1��������������
�

Generating the Tuning Voltage. '�������������������)���.����9� ! %����	������������

������	���������'��������	���	�������������������������������	��1�����������	��������

	�������������L��	�
��
������	���
�
���	��������$����1����������
�����������������

������� �����	���	�� ��	�������� ���� ��������� ����L��	� 
��
�� ������ ��� ����	� ���� ���� ��

�������
�����	������������	�������		�����	�����������������	��������	���	����������

��������������	��������������������L��	�
��
�����������	�����
��	����������������
�

��	����	����	������������	���������	����������)������������������	����������������	����

Figure 2-67 Graphical representation of Eq. (2-98).
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Figure 2-68 Comparison of mechanically and electronically tuned and switched resonant circuits.
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Figure 2-69 Equivalent circuit of diode switches in the frequency range from 1 MHz to 1 GHz.
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Figure 2-70 Differential forward resistance as a function of forward current.
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Figure 2-71 (a) Diode switch as bandswitch, shorting a partial inductance; (b) equivalent circuit with
blocked diode switch; (c) equivalent circuit with conducting diode switch.
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Figure 2-72 Capacitance as a function of the reverse voltage.
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Figure 2-73 (a) Diode switch as a bandswitch, with an inductance in parallel; (b) equivalent circuit with
blocked-diode switch; (c) equivalent circuit with conducting diode switch.
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Figure 2-74 Schematic of a VHF television tuner with electronic band selection.
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2-2 BIPOLAR TRANSISTORS

2-2-1 Transistor Structure Types

All current RF silicon transistors are of the bipolar npn planar epitaxial type. Briefly, the
significance of each of these terms is as follows.

Bipolar. In its broadest sense, it is the basic structure shown schematically in Figure 2-75,
that is, the familiar three-semiconductor-region structure. Bipolar specifically means that the
charge carriers of both negative (electron) and positive (hole) polarities are involved in the
transistor action. In way of contrast, unipolar types include the junction-gate and insulated-
gate field-effect transistors, which are basically one- or two-semiconductor-region structures
in which carriers of a single polarity dominate.

npn. This abbreviation is for negative–positive–negative and identifies the regions of the
structure as to polarity of the dominant or majority carrier in each region. The other polarity
type is pnp. (See Figure 2-75.)

Silicon. Silicon (Si) is one of two elements from the fourth column of the periodic table
that are in widespread use for transistor fabrication [the other is germanium (Ge)]. Other
materials used include the compound gallium arsenide (GaAs). Although silicon is in
predominant use because it results in the most favorable compromise among high-frequency,
high-temperature, high-reliability, and ease-of-use attributes of the usable semiconductor
material, silicon–germanium (SiGe) technology is increasingly important because it affords
high-frequency performance unachievable with silicon alone.

Planar. The term planar denotes that both emitter–base and base–collector junctions of
the transistor intersect the device surface in a common plane (hence, a better term might be
coplanar). However, the real significance of the so-called planar structure is that the
technique of diffusing dopants through an oxide mask, used in fabricating such a structure,
results in junctions being formed beneath a protective oxide layer. These protected junctions
are less prone to the surface problems sometimes associated with other types of structures,
such as the mesa.

Figure 2-75 Transistor structure schematic.
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Epitaxial. This term, as it is commonly used, is actually a shortening of the term
epitaxial-collector. That is, the collector region of the transistor is formed by the epitaxial
technique, rather than by diffusion, which is commonly used to form the base and emitter
regions. The epitaxial layer is formed by condensing a single-crystal film of semiconductor
material on a wafer or substrate that is usually of the same material. Thus, an epitaxial
(collector) transistor is one in which the collector region is formed on a low-resistivity
substrate. Subsequently, the base and emitter regions are diffused into the “epi” layer. The
epitaxial technique lends itself to precise tailoring of collector-region thickness and resistiv-
ity with consequent improved device performance and uniformity.

2-2-2 Large-Signal Behavior of Bipolar Transistors*

In this section, the large-signal or dc behavior of bipolar transistors is considered.
Large-signal models are developed for the calculation of total currents and voltages in
transistor circuits, and such effects as breakdown-voltage limitations, which are usually not
included in models, are also considered. Second-order effects, such as current-gain variation with
collector current and Early voltage, can be important in many circuits and are treated in detail.

The sign conventions used for bipolar transistor currents and voltages are shown in Figure
2-76. All bias currents for both npn and pnp transistors are assumed positive going into the
device.

Electrical and Performance Characteristics and Specifications. E l e c t r i c a l
characteristics may be described as uniquely defined, measurable electrical transistor prop-
erties that are not a function of the measuring circuit or apparatus (except insofar as standard
terminations and measurement accuracy are concerned). Performance or operating charac-
teristics are also electrical properties but they are, in general, not unique because their values
depend on the measuring circuit (in particular, source and load impedance, which may be
arbitrary). As might be expected, the terms are often used somewhat loosely (and sometimes

Figure 2-76 Bipolar transistor sign convention.

* Portions of this section, Sections 2-2-3 through 2-2-5, and Sections 2-3-3 through 2-3-6 are based on Paul R. Gray
and Robert G. Meyer, Analysis and Design of Analog Integrated Circuits, 3rd ed., ©1993 by John Wiley & Sons,
Inc. Reprinted by permission of John Wiley & Sons, Inc.
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interchangeably), especially in cases where only subtle differences are involved. The terms
are generally used on transistor datasheets to segregate (for emphasis) under performance or
operating characteristics those properties most directly applicable to the primary intended
application.

Performance (Operating) Characteristics. Of the numerous performance charac-
teristics that can be specified for high-frequency transistors, perhaps the most fundamental
and pertinent characteristics are:

• Power gain and noise figure, for small-signal applications

• Power gain, power output, and efficiency, for large-signal applications

All of these characteristics are, of course, functions of frequency, bias temperature, and so
on, and to completely characterize a transistor over its full frequency, bias, and temperature
ranges would be prohibitively costly. Consequently, characterization data are given only for
restricted ranges of these variables. These data should portray sufficiently the capabilities of
a particular device for its intended applications. In the case of maximum ratings, some
applications may require additional characterization by the user or through applications
assistance from the manufacturer.

POWER GAIN

Gmax. Of the various definitions for the measurement of power flow in an active two-port
device, such as a transistor, two are unique enough to allow specification without recourse
to specifying the complete measuring circuit in detail. One of these definitions is termed
maximum available gain (Gmax) and is the power gain obtained when the input and output
ports are simultaneously conjugately matched to source and load impedances, respectively.
Implicit in this definition is the assumption that the two-port is unconditionally stable; that
is, that no combination of input/output tuning can result in increasing gain to the point of
oscillation.

|S21|2. The other unique power gain is the gain realized when the transistor is inserted
between a source and load with identical impedances (in practice, usually 50 + j0 Ω). This
particular insertion of transducer gain happens to coincide with the usual definition of the
two-port forward scattering parameter, S21. More precisely, it is equal to the magnitude
squared of this parameter and is therefore often identified by the symbol |S21|2. For wideband
applications, |S21|2 is important because wideband terminations “not too different from 50
Ω” are more easily realized than are wideband transforming networks that provide the
matching required for Gmax.

NOISE FIGURE. A common measure of the noise generated by an active two-port device—
noise that sets a lower limit on amplifier sensitivity—is noise factor (F). This is defined as

F = 
Input signalwtownoise ratio

Output signalwtownoise ratio
(2-110)

or more generally as

F = Total output noise power
Output power due to source resistance

(2-111)

200  MODELS FOR ACTIVE DEVICES



At high frequencies, spot noise factor or noise factor for a small fractional bandwidth (say,
1%) is used and is usually expressed as noise figure (NF), in decibels:

NF = 10 log F (2-112)

As already discussed, noise figure is a function of source impedance (as well as functions of
frequency, bias, etc.) and hence, there is an infinity of noise figures associated with a given
device corresponding to the infinity of possible impedances that may be presented to the
device input. The only unique one, in the sense that it does not involve arbitrary source
impedances, is NFmin, the minimum noise figure obtained (at a given bias and frequency)
when the input is tuned to optimize this parameter. This is the noise figure value commonly
given on datasheets.

In practical amplifiers that involve more than one stage, overall noise factor (FO) is given
by

FO = F1 + 
F2 − 1

G1
 + ⋅ ⋅ ⋅ + 

Fn − 1
G(n−1)

(2-113)

where  n = number of stages

  Gn = gain of the nth stage

  Fn = noise factor of the nth stage

This expression emphasizes the important fact that for low-noise amplifiers, the first stage
must be designed for the lowest noise figure and highest gain possible. [Note that the noise
contribution of the second stage is divided (reduced) by the gain of the first stage.] Since the
optimum source impedance and bias currents for optimum gain and noise figure do not often
coincide, very careful circuit design is required to minimize overall noise figure. For more
accuracy, we recommend the noise correlation approach.

POWER OUTPUT. This characteristic is important for both amplifier and oscillator transistors.
In both cases, it is extremely circuit sensitive. For amplifiers, maximum useful output is often
limited to that power output level at which gain has compressed 1 dB, an indicator of the
upper limit of the device’s linearity range. For oscillators, it is merely a quantitative measure
of RF power for given dc input power.

EFFICIENCY. In the most general sense, this characteristic expresses as a percentage the ratio
of RF power output to the total circuit input power, both dc and RF. That expression is
efficiency, η, defined as

η = 
PO

Pi + Pdc

 × 100 (2-114)

where PO = RF output power

  Pi = RF input power

  Pdc = total dc power input

Since for oscillator transistors there is no RF power input, and for amplifier transistors the
maximum input RF power is calculable from the power gain and power output specifications,

                   2-2 BIPOLAR TRANSISTORS  201



the inclusion of Pi in efficiency is redundant. Moreover, since the major portion of the dc
power is dissipated by the transistor collector, a more restricted definition of efficiency is
pertinent. This parameter, termed collector efficiency (ηC), is given by

ηC = 
PO

PCC
 × 100 (2-115)

where PCC = VCC × ICC

  VCC = collector supply voltage

  ICC = collector supply current

Electrical Characteristics. Electrical characteristics may be conveniently classified into
two main types, dc and ac.

dc CHARACTERISTICS. The importance of dc characteristics of high-frequency transistors lies
primarily in biasing and reliability considerations. However, certain dc characteristics are
also directly related to high-frequency performance. For example, high-frequency noise
figure is affected by dc current gain. The dc characteristics discussed here are those usually
found on high-frequency transistor datasheets.

V(BR)CBO, ICBO . These two parameters serve to characterize the reverse-biased collec-
tor–base pn junction and are defined as follows (with the aid of Figure 2-77a). The
collector–base breakdown voltage, V(BR)CBO, identifies the voltage at which collector
current tends to increase without limit, usually due to the high electric field developed across
the junction. This voltage sets a limit on the maximum transistor operating voltage and, as
mentioned before under maximum ratings, usually is the basis for the collector–base
maximum voltage rating. V(BR)CBO should be specified at a value of IC = IC1 in the figure,
which is within the avalanche (or high slope) region of the device’s reverse characteristic.
Typical values of IC1 are in the 1–10-µA region for high-frequency transistors.

To further define the quality of the reverse I–V characteristic, a specification is usually
placed on the collector cutoff current, ICBO, which is measured at some value of collector–
base voltage less than V(BR)CBO. For a good-quality silicon junction (“sharp” instead of soft;
see Figure 2-77a), ICBO is in the nanoampere range.

V(BR)EBO, IEBO . These two parameters characterize the reverse-biased emitter–base pn
junction in an analogous manner to the collector–base junction parameters
V(BR)CBO and ICBO, given above, and are shown in Figure 2-77b. No further discussion of
these parameters will be given here.

V(BR)CEO, ICEO. The collector–emitter breakdown voltage and cutoff current are some-
what more complex in nature than the collector–base and emitter–base parameters. In the
latter two, only a single pn diode is involved. In the collector–emitter case, two diodes are
involved. Moreover, each is influenced by the other through transistor action, since the
reverse current of the collector–base diode flows through the emitter–base junction as
forward current. Thus, the collector–base reverse current is amplified by the dc current gain
of the transistor, resulting in:

• ICEO being greater than ICBO (for a given voltage)

• Typically, the familiar negative-resistance region in the I–V characteristic as shown in
Figure 2-77c.
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Consequently, V(BR)CEO is typically specified at collector currents one to three orders of
magnitude higher than in the case of V(BR)CBO and V(BR)EBO to establish the minimum value
of this characteristic.

hfe. This parameter is simply the dc common-emitter current gain; that is, the ratio of
collector current to base current at some specified collector voltage and current.

ac CHARACTERISTICS. Of the numerous ac characteristics defined for transistors, only rela-
tively few are commonly used in characterizing high-frequency transistors. Some of the more
pertinent parameters are briefly covered here.

S Parameters. By far the most useful and conveniently measured set of two-port
parameters for transistor high-frequency (roughly 100 MHz and above) characterization is

Figure 2-77 Transistor reverse I –V characteristics.
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the S-parameter or scattering-matrix set. These parameters completely and uniquely define
the small-signal gain and input/output immittance properties of any linear “black box.” (By
definition, a transistor or any active device is linear under small-signal conditions.) However,
these parameters reveal nothing (except possibly indirectly and approximately) about
large-signal or noise behavior. Simply interpreted (more general definitions and other
interpretations abound in the technical literature), the S parameters are merely insertion
gains, forward and reverse, and reflection coefficients, input and output, with driven and
nondriven ports both terminated in equal impedances, usually 50 + j0 Ω. Such an interpre-
tation tends to make S parameters very attractive, once some familiarity is gained, at high
(especially microwave) frequencies, since the power flow or gain and reflection-coefficient
concepts are more intuitively meaningful than voltage and current conceptual schemes. It
should also be mentioned that S-parameters can be converted through straightforward matrix
transformations to other two-port parameter sets, such as h-, y-, and z-parameters.

Proceeding with more specific definitions, the S-parameters are defined analytically by

b1 = S11a1 + S12a2 (2-116)

b2 = S21a1 + S22a2 (2-117)

or, in matrix form,





b1

b2




 = 




S11    S12

S21    S22




 




a1

a2





(2-118)

where, referring to Figure 2-78

a1 = (incoming power at Port 1)1/2

b1 = (outgoing power at Port 1)1/2

a2 = (incoming power at Port 2)1/2

b2 = (outgoing power at Port 2)1/2

E1, E2 = electrical stimuli at Port 1, Port 2

From the figure and defining linear equations, for E2 = 0, then a2 = 0, and (skipping through
numerous rigorous steps)

S11 = 
b1

a1

Figure 2-78 Two-port S-parameter definition.
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= 


Outgoing input power
incoming input power





1⁄2

= 
Reflected voltage
Incident voltage

= Input reflection coefficient (2-119)

S21 = 
b2

a1
           

= 


Outgoing output power
incoming input power





1⁄2

= 


Output power
Available input power





1⁄2

= (Forward transducer gain)
1⁄2 (2-120)

or, more precisely in the case of S21:

Forward transducer gain = GTF = |S21|
2 (2-121)

Zi = Zo (2-122)

Similarly, at Port 2 for E1 = 0, then a1 = 0, and

S22 = 
b2

a2
 = Output reflection coefficient

(2-123)

S12 = 
b1

a2
 = (Reverse transducer gain)

1⁄2
(2-124)

GTR = |S12|
2 (2-125)

Since many measurement systems display S-parameter magnitudes in decibels, the fol-
lowing relationships are particularly useful:

|S11|dB = 10log|S11|
2

= 20 log|S11| (2-126)

|S22|dB = 20 log|S22| (2-127)

|S21|dB = 10 log|S21|
2
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= 20 log|S21|

= 10 log|GTF| = |GTF|dB (2-128)

|S12|dB = 10 log|S12|
2

= 20 log|S12|

= 10 log|GTR| = |GTR|dB (2-129)

Figure 2-79 shows an example of the use of S parameters in transistor stage design.
Transition Frequency. One of the better known, but perhaps least understood, figures of

merit for high-frequency transistors is the so-called transition frequency, fT. Part of the
misunderstanding that appears to exist is due to the use of the misleading (but common, for

Figure 2-79 Key parameters in applying a BJT in low-noise front-end, high-gain, and linear-power
stages. (a) The BJT characteristics that lead to optimum dc bias for a low-noise front end; (b) parameters
characterizing device performance; (c) Γopt for the first stage, and S11 and S22 for the output stage as
simulated by CAD software. The example is based on the Siemens BJTs BFP420 (low-noise stage),
BFP450 (high-gain stage), and BFG235 (output stage). Circuits to optimize stage noise, gain, and I/O
matching are shown in (d). (Presentation based on Figure 14 in Charles A. Liechti, “Microwave Field-Effect
Transistors—1976,” IEEE Trans. Microwave Theory Tech., vol. MTT-24, pp. 279–300, June 1976.)
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historical reasons) term short-circuit gain–bandwidth product for this parameter. By defini-
tion, f T is that characteristic frequency described by the equation

f T = hfe × fmeas (2-130)

where hfe is the magnitude of the small-signal common-emitter short-circuit current gain,
and fmeas is the frequency of measurement, chosen such that

2 ≤ hfe ≤ 
hfe0

2
(2-131)

where hfe0 is the low-frequency value of hfe.
To varying degrees of approximation, depending on the transistor type, f T is the frequency

at which hfe approximates unity. It is not, in general, the frequency at which hfe is precisely
equal to unity. To clarify these points further, consider the plot of hfe against frequency
sketched in Figure 2-80.

At low frequencies, f < < fB, hfe is constant and equal to hfe0.
At fB, hfe has decreased to 0.707 hfe0; that is, fB is the 3-dB cutoff frequency for

common-emitter short-circuit current gain, hfe.
For frequencies such that

2fB < f < f T (2-132)

hfe varies inversely proportional to frequency. That is, the f T defining relationship holds:

hfe × fmeas = constant = f T (2-133)

At frequencies approaching f T, other parameters, especially package parasitics, can cause
|hfe| to depart significantly from this 1/f variation. Therefore, the frequency, f1, at which
|hfe| actually equals unity can be somewhat different from f T.

Applying these frequency-gain characteristics to the common-emitter wideband, low-pass
amplifiers gives rise to the terminology of f T being a “gain–bandwidth product.” However,

Figure 2-80 |hfe| frequency characteristics.
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this is an optimistic approximation at best, since the product of low-frequency circuit gain
and the 3-dB cutoff frequency is reduced from f T by an amount that depends on circuit
impedances.

The real significance of f T lies in the fact that it is a measure of certain internal transistor
parameters that do, in fact, affect high-frequency performance: for example, gain (though
not in the convenient quantitative manner implied by the term “gain–bandwidth product”).
In particular, good high-frequency noise performance requires that f T be high. Thus, f T is
included on transistor datasheets primarily as a figure of merit, not as a parameter to be used
directly in design.

Collector–Base Time Constant, rb
gCc. This is an internal device parameter that relates

only indirectly to high-frequency performance. It is primarily a measure of internal feedback
within the transistor. It also relates to transistor high-frequency impedance. As the name says
(in symbols), it is a measure of transistor base resistance and collector capacitance in
combination; however, except for certain low-frequency transistors, it cannot be considered
the simple two-element lumped RC time constant implied by the terminology. (In
high-frequency transistors, base resistance and collector impedance must be considered to
be distributed when considered in detail). As a figure of merit, it is included on transistor
datasheets to indicate how well base resistance and collector impedance have been mini-
mized. It also allows the estimation of certain gain properties of the transistor (see the fmax
parameter, which we’ll describe shortly).

Collector–Base Capacitance, Ccb. This parameter is simply the total collector–base pn
junction capacitance measured at a low frequency (typically, 1 MHz), where it can be
considered a single lumped element. For high-frequency transistors it is, of course, desirable
that Ccb be small from bandwidth and stability considerations as well as from gain consid-
erations alone.

Maximum Frequency of Oscillation, fmax. This is another figure-of-merit parameter, as
opposed to measurable parameters directly usable in the application of transistors. Its
importance stems from the following approximate relationships (which will not be derived
here):

fmax ≈ 




fT
8πrb

gCC





1 / 2
(2-134)

Gmax ≈ 




fmax

foper





2
(2-135)

These expressions illustrate in a quantitative way the importance and the interrelationship
between high fT and low rb

gCC insofar as high-frequency gain is concerned. However, since
they are approximations and since their derivation involves several assumptions that are not
always valid, they must be interpreted with caution. For example, the expression for Gmax is
obviously not applicable at low frequencies, since as f → 0, Gmax → ∞, according to this
expression. As a rule of thumb, the Gmax expression is a reasonable approximation for
frequencies such that

5 > 
fmax

foper
 > 1 (2-136)
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For accurate analysis of transistor gain and stability, a complete set of two-port parameters
must be employed in exact expressions, such as those from which the approximations shown
above were derived.

Datasheet Transistor Specifications. The following is a reprint of a Siemens microwave
transistor datasheet. This 25-GHz fT transistor will soon be replaced by a 40-GHz family,
based on a silicon–germanium design. Key parameters describing the transistor are:

• The dc parameters, such as maximum current and voltage and dissipation

• Noise figure as a function of generator impedance, bias point, and frequency

• Frequency-dependent behavior, typically expressed in S parameters, and also as a
function of bias point and frequency

• Large-signal performance to be calculated based on a nonlinear model, such as the
Gummel–Poon

The transistor description typically gives details about packaging, as the Gummel–Poon
model is intrinsic (without parasitics). Not only does the package determine the parasitics,
it also affects the device’s ability to transfer heat to its heat sink. The following figures,
reproduced with permission from the datasheet for the BFP420 transistor by Siemens (now
Infineon Technologies), are a typical representation of the dc-IC curves, S parameters, and
noise parameters of a normal, packaged microwave transistor. Besides its dc parameters and
capacitance, there are other critical parameters. A BJT’s noise figure is a strong function of
its dc current gain, and one can determine a 3-dB cutoff frequency referred to as fT, which
shows the gain roll-off as a function of collector current and frequency. Another important
measure or figure of merit is fmax, the maximum frequency of oscillation:

fmax =      
|Y21|

16πRbbCbeCbc

(2-137)

Figure 2-81 shows a photograph of the die for the BFP420.
Since the intercept point is an important figure of merit, Figure 2-82 shows intercept point

as a function of bias point for the BFR93AW BJT. We wish more manufacturers would supply
this information.

2-2-3 Large-Signal Transistors in the Forward-Active Region

We saw in the diode case that its description is physics-based and it is, therefore, logical to
apply the same modeling for the transistors. The first complete modeling for transistors was
described in the Gummel–Poon model, but many engineers use the somewhat more simpler
Ebers–Moll model. By combining two diodes, the parasitic elements, and the base separating
resistor, we can show the “intrinsic” nonlinear model for the bipolar transistor.

Many equations that have been published contain some approximations, but for exact
nonlinear analysis, we have to resort to the somewhat more complex or complete equations
as shown in Appendix A for the bipolar model.

Recently, some other models have been proposed by researchers, such as the MEXTRAM
models (Philips), but the trouble with these models is that while they may give quite good
results for RF applications, it is virtually impossible to obtain parameters for them. So far
the only industry-standard model is the Gummel–Poon, and to the authors’ knowledge there
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Figure 2-81 Photograph of the BFP420 die (310 × 290 µm). The bonding pad for the base is at the
upper right; for the collector at the upper left. The large, lower pad connects to the emitter.

Figure 2-82 IP3,out versus IC at five values of VCE for the BRF93AW BJT.
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are no accepted or affordable parameter extractor programs available, not even to consider
the cost of hardware for such extractions. Hewlett-Packard recently published a system with
a hardware cost in the vicinity of $1 million.

A typical npn planar bipolar transistor structure is shown in Figure 2-83a, where collector,
base, and emitter are labeled C, B, and E, respectively. The impurity doping density in the
base and the emitter of such a transistor is not constant but varies with distance from the top
surface. However, many of the characteristics of such a device can be predicted by analyzing

Figure 2-83 (a) Cross section of a typical npn planar bipolar transistor structure; (b) idealized transistor
structure; (c) carrier concentrations along the cross section AA′ of the transistor in (b). Uniform doping
densities are assumed. (Not to scale)
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the idealized transistor structure shown in Figure 2-83b. In this structure, the base and emitter
doping densities are assumed constant, and this is sometimes called a “uniform-base”
transistor. Where possible in the following analyses, the equations for the uniform-base
analysis are expressed in a form that applies also to nonuniform-base transistors.

A cross section AA′ is taken through the device of Figure 2-83b and carrier concentrations
along this section are plotted in Figure 2-83c. Hole concentrations are denoted by p and
electron concentrations by n with subscripts p or n representing p-type or n-type regions.
The n-type emitter and collector regions are distinguished by subscripts E and C, respectively.
The carrier concentrations shown in Figure 2-83c apply to a device in the forward-active
region. That is, the base–emitter junction is forward-biased and the base–collector junction
is reverse-biased. The minority-carrier concentrations in the base at the edges of the depletion
regions can be calculated from a Boltzmann approximation to the Fermi–Dirac distribution
function to give [2]

np(0) = npo exp 
VBE

VT

(2-138)

np(WB) = npo exp 
VBC

VT
 u 0 (2-139)

where WB is the width of the base from the base–emitter junction depletion layer edge of the
base–collector depletion layer edge and npo is the equilibrium concentration of electrons in
the base. Note that VBC is negative for an npn transistor in the forward-active region and thus
np(WB) is very small. Low-level injection conditions are assumed in the derivation of Eqs.
(2-138) and (2-139). This means that the minority-carrier concentrations are always assumed
much smaller than the majority-carrier concentrations.

If recombination of holes and electrons in the base is small, it can be shown that the
minority-carrier concentration np(x) in the base varies linearly with distance [3]. Thus, a
straight line can be drawn joining the concentrations at x = 0 and x = WB in Figure 2-83c.

For charge neutrality in the base, it is necessary that

NA + np(x) = pp(x) (2-140)

and thus

pp(x) − np(x) = NA (2-141)

where pp(x) is the hole concentration in the base and NA is the base doping density that is
assumed constant. Equation (2-141) indicates that the hole and electron concentrations are
separated by a constant amount and thus pp(x) also varies linearly with distance.

Collector current is produced by minority-carrier electrons in the base diffusing in the
direction of the concentration gradient and being swept across the collector–base depletion
region by the field existing there. The diffusion current density due to electrons in the base
is

Jn = qDn 
dnp(x)

dx
(2-142)
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where Dn is the diffusion constant for electrons. From Figure 2-83c,

Jn = −qDn 
np(0)
WB

(2-143)

If IC is the collector current and is taken as positive flowing into the collector, it follows from
Eq. (2-143) that

IC = qADn 
np(0)
WB

(2-144)

where A is the cross-sectional area of the emitter. Substitution of Eq. (2-138) into Eq. (2-144)
gives

IC = 
qADnnpo

WB
 exp 

VBE

VT

(2-145)

= IS exp 
VBE

VT

(2-146)

where

IS = 
qADnnpo

WB

(2-147)

and IS is a constant used to describe the transfer characteristic of the transistor in the
forward-active region. Equation (2-147) can be expressed in terms of the base doping density
by noting that [4]

npo = 
ni

2

NA

(2-148)

and substitution of Eq. (2-148) in Eq. (2-147) gives

IS = 
qADnni

2

WBNA
 = 

qAD
__

nni
2

QB

(2-149)

where QB = WBNA is the number of doping atoms in the base per unit area of the emitter and
ni is the intrinsic carrier concentration in silicon. In this form Eq. (2-149) applies to both
uniform- and nonuniform-base transistors and Dn has been replaced by D

__
n, which is an

average effective value of the electron diffusion constant in the base. This is necessary for
nonuniform-base devices because the diffusion constant is a function of impurity concentra-
tion. Typical values of IS as given by Eq. (2-149) are 10–14 to 10–16 A.

Equation (2-146) gives the collector current as a function of base–emitter voltage. The
base current IB is also an important parameter and, at moderate current levels, consists of
two major components. One of these (IB1) represents recombination of holes and electrons
in the base and is proportional to the minority-carrier charge Qe in the base. From Figure
2-83c, the minority-carrier charge in the base is
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Qe = 
1
2

 np(0)WBqA (2-150)

and we have

IB1 = 
Qe

τb

 = 
1
2

 
np(0)WBqA

τb

(2-151)

where τb is the minority-carrier lifetime in the base. IB1 represents a flow of majority holes
from the base lead into the base region. Substitution of Eq. (2-138) into Eq. (2-151) gives

IB1 = 
1
2

 
npoWBqA

τb

 exp 
VBE

VT

(2-152)

The second major component of base current (usually the dominant one in the integrated-
circuit npn devices) is due to injection of holes from the base into the emitter. This current
component depends on the gradient of minority-carrier holes into the emitter and is [5]

IB2 = 
qADp

Lp
 pnE(0) (2-153)

where Dp is the diffusion constant for holes and Lp is the diffusion length (assumed small)
for holes in the emitter. pnE(0) is the concentration of holes in the emitter at the edge of the
depletion region and is

PnE(0) = pnEo exp 
VBE

VT

(2-154)

If ND is the donor atom concentration in the emitter (assumed constant) then

pnEo u 
ni

2

ND

(2-155)

The emitter is deliberately doped much more heavily than the base, making ND large and
pnEo small, so that the base-current component, IB2, is minimized.

Substitution of Eqs. (2-154) and (2-155) into Eq. (2-153) gives

IB2 = 
qADp

Lp
 
ni

2

ND
 exp 

VBE

VT

(2-156)

The total base current, IB, is the sum of IB1 and IB2:

IB = IB1 + IB2 = 




1
2

 
npoWBqA

τb

 + 
qADp

Lp
 
ni

2

ND




 exp 

VBE

VT

(2-157)

Although this equation was derived assuming uniform base and emitter doping, it gives the
correct functional dependence of IB on device parameters for practical double-diffused
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nonuniform-base devices. Second-order components of IB, which are important at low
current levels, are considered later.

Since IC in Eq. (2-146) and IB into Eq. (2-147) are both proportional to exp(VBE / VT) in
this analysis, the base current can be expressed in terms of collector current as

IB = 
IC

βF

(2-158)

where βF is the forward current gain. An expression for βF can be calculated by substituting
Eqs. (2-145) and (2-157) into Eq. (2-158) to give

βF = 
qADnnpo / WB

1
2

 
npoWBqA

τb
 + 

qADpni
2

LpND

 = 
1

WB
2

2τbDn

 + 
Dp

Dn
 
WB

Lp
 
NA

ND

(2-159)

where Eq. (2-148) has been substituted for npo. Equation (2-159) shows that βF is maximized
by minimizing the base width WB and maximizing the ratio of emitter to base doping densities
ND / NA. Typical values of βF for npn transistors in integrated circuits are 50–500, whereas
lateral pnp transistors have values of 10–100. Finally, the emitter current is

IE = − (IC + IB) = − 



IC + 

IC

βF




 = − 

IC

αF

(2-160)

where

αF = 
βF

1 + βF

(2-161)

The value of αF can be expressed in terms of device parameters by substituting Eq. (2-159)
into Eq. (2-161) to obtain

αF = 
1

1 + 
1
βF

 = 
1

1 + 
WB

2

2τbDn

 + 
Dp

Dn
 
WB

Lp
 
NA

ND

 u αTγ (2-162)

where

αT = 
1

1 + 
WB

2

2τbDn

(2-163)

γ = 
1

1 + 
Dp

Dn
 
WB

Lp
 
NA

ND

(2-164)

The validity of Eq. (2-162) depends on WB
2

 / 2τbDn < < 1 and (Dp / Dn)(WB / Lp)(NA / ND)
< < 1, and this is always true if βF is large [see Eq. (2-159)]. The term γ in Eq. (2-162) is
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called the emitter injection efficiency and is equal to the ratio of the electron current (npn
transistor) injected into the base from the emitter to the total hole and electron current
crossing the base–emitter junction. Ideally γ → 1, and this is achieved by making ND / NA
large and WB small. In that case very little reverse injection occurs from base to emitter.

The term αT in Eq. (2-162) is called the base transport factor and represents the fraction
of carriers injected into the base (from the emitter) that reach the collector. Ideally αT → 1,
and this is achieved by making WB small. It is evident from the above development that
fabrication changes that cause αT and γ to approach unity also maximize the value of βF of
the transistor.

The results derived above allow formulation of a large-signal model of the transistor
suitable for bias-circuit calculations with devices in the forward-active region. One such
circuit is shown in Figure 2-84 and consists of a base–emitter diode to model Eq. (2-157)
and a controlled collector-current generator to model Eq. (2-158). Note that the collector
voltage ideally has no influence on the collector current and the collector node acts as a
high-impedance current source. A simpler version of this equivalent circuit, which is often
useful, is shown in Figure 2-84b, where the input diode has been replaced by a battery with
a value VBE(on), which is usually 0.6–0.7 V. This represents the fact that in the forward-active
region the base–emitter voltage varies very little because of the steep slope of the exponential
characteristic. In some circuits the temperature coefficient of VBE(on) is important and a typical
value for this is –2 mV/°C. The equivalent circuits of Figure 2-84 apply for npn transistors.
For pnp devices the corresponding equivalent circuits are shown in Figure 2-85.

Figure 2-84 Large-signal models of npn transistors for use in bias calculations. (a) Circuit incorporating
an input diode. (b) Simplified circuit with an input voltage source.

Figure 2-85 Large-signal models of pnp transistors corresponding to the circuits of Figure 2-84.
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2-2-4 Effects of Collector Voltage on Large-Signal Characteristics in the
Forward-Active Region

In the analysis of the previous section, the collector–base junction was assumed reverse-
biased and ideally had no effect on the collector currents. This is a useful approximation for
first-order calculations, but it is not strictly true in practice. There are occasions where the
influence of collector voltage on collector current is important, and this will now be
investigated.

The collector voltage has a dramatic effect on the collector current in two regions of device
operation. These are the saturation (VCE approaches zero) and breakdown (VCE very large)
regions that will be considered later. For values of collector–emitter voltage VCE between
these extremes, the collector current increases slowly as VCE increases. The reason for this
can be seen from Figure 2-86, which is a sketch of the minority-carrier concentration in the
base of the transistor. Consider the effect of changes in VCE on the carrier concentration for
constant VBE. Since VBE is constant, the change in VCB equals the change in VCE, and this
causes an increase in the collector–base depletion-layer width as shown. The change in the
base width of the transistor, ∆WB, equals the change in depletion-layer width and causes an
increase ∆IC in the collector current.

From Eqs. (2-146) and (2-149) we have

IC = 
qAD

__
nni

2

QB
 exp 

VBE

VT

(2-165)

Differentiation of Eq. (2-165) yields

∂IC

∂VCE

 = − 
qAD

__
nni

2

QB
2  




exp 

VBE

VT




 
dQB

dVCE

(2-166)

Figure 2-86 Effect of increases in VCE on the collector depletion region and base width of a bipolar
transistor.
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and substitution of Eq. (2-165) in Eq. (2-166) gives

∂IC

∂VCE

 = − 
IC

QB
 
dQB

dVCE

(2-167)

For a uniform-base transistor QB = WBNA and Eq. (2-167) becomes

∂IC

∂VCE

 = − 
IC

WB
 
dWB

dVCE

(2-168)

Note that since the base width decreases as VCE increases, dWB / dVCE in Eq. (2-168) is
negative and thus ∂IC / ∂VCE is positive. dWB / dVCE is a function of the bias value of VCE, but
the variation is typically small for a reverse-biased junction and dWB / dVCE is often assumed
constant. The resulting predictions agree adequately with experimental results.

Equation (2-168) shows that ∂IC / ∂VCE is proportional to the collector-bias current and
inversely proportional to the transistor base width. Thus narrow-base transistors show a
greater dependence of IC on VCE in the forward-active region. The dependence of
∂IC / ∂VCE on IC results in typical transistor output characteristics as shown in Figure 2-87.
In accordance with the assumptions made in the foregoing analysis, these characteristics are
shown for constant values of VBE. However, in most integrated-circuit transistors the base
current is dependent only on VBE and not on VCE, and thus constant-base-current charac-
teristics can often be used in the following calculation. The reason for this is that the base
current is usually dominated by the IB2 component of Eq. (2-156), which has no dependence
on VCE. Extrapolation of the characteristics of Figure 2-87 back to the VCE axis gives an
intercept VA called the Early voltage, where

VA = 
IC

∂IC

∂VCE

(2-169)

Substitution of Eq. (2-168) in Eq. (2-169) gives

Figure 2-87 Bipolar transistor output characteristics showing the Early voltage, VA.
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VA = −WB 
dVCE

dWB

(2-170)

which is a constant, independent of IC. Thus all the characteristics extrapolate to the same
point on the VCE axis. The variation of IC with VCE is called the Early effect and VA is a
common model parameter for circuit-analysis computer programs. Typical values of VA for
integrated-circuit transistors are 15–100 V. The inclusion of Early effect in dc bias calcula-
tions is usually limited to computer analysis because of the complexity introduced into the
calculation. However, the influence of the Early effect is often dominant in small-signal
calculations for high-gain circuits and this point will be considered later.

Finally, the influence of the Early effect on the transistor large-signal characteristics in the
forward-active region can be represented approximately by modifying Eq. (2-146) to

IC = IS 



1 + 

VBE

VA




 exp 

VBE

VT

(2-171)

This is a common means of representing the device output characteristics for computer
simulation.

2-2-5 Saturation and Inverse Active Regions

Saturation is a region of device operation that is usually avoided in analog circuits because
the transistor gain is very low in this region. Saturation is much more commonly encountered
in digital circuits, where it provides a well-specified output voltage that represents a logic
state. In saturation, both emitter–base and collector–base junctions are forward biased.
Consequently, the collector–emitter voltage VCE is quite small and usually in the range
0.05–0.3 V. The carrier concentrations in a saturated npn transistor with uniform base doping
are shown in Figure 2-88. The minority-carrier concentration in the base of the edge of the
depletion region is again given by Eq. (2-139) as

Figure 2-88 Carrier concentrations in a saturated npn transistor. (Not to scale)
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np(WB) = npo exp 
VBC

VT

(2-172)

but since VBC is now positive, the value of np(WB) is no longer negligible. Consequently,
changes in VCE with VBE held constant (which cause equal changes in VBC) directly affect
np(WB). Since the collector current is proportional to the slope of the minority-carrier
concentration in the base [see Eq. (2-142)], it is also proportional to [np(0) − (np(WB)]
from Figure 2-88. Thus, changes in np(WB) directly affect the collector current, and the
collector node of the transistor appears to have a low impedance. As VCE is decreased in
saturation with VBE held constant, VBC increases as does np(WB) from Eq. (2-172). Thus, from
Figure 2-88 the collector current decreases because the slope of the carrier concentration
decreases. This gives rise to the saturation region of the IC − VCE characteristic shown in
Figure 2-89. The slope of the IC − VCE characteristic in this region is largely determined by
the resistance in series with the collector lead due to the finite resistivity of the n-type
collector material. A useful model for the transistor in this region is shown in Figure 2-90

Figure 2-89 Typical IC − VCE characteristics for an npn bipolar transistor. Note the different scales for
positive and negative currents and voltages.
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and consists of a fixed voltage source to represent VBE(on), and a fixed voltage source to
represent the collector–emitter voltage VCE(sat). A more accurate but more complex model
includes a resistor in series with the collector. This resistor can have a value ranging from
20 to 500 Ω, depending on the device structure.

An additional aspect of transistor behavior in the saturation region is apparent from Figure
2-88. For a given collector current, there is now a much larger amount of stored charge in
the base than there is in the forward-active region. Thus the base-current contribution
represented by Eq. (2-152) will be larger in saturation. In addition, since the collector–base
junction is now forward biased, there is a new base-current component due to injection of
carriers from the base to the collector. These two effects result in a base current IB in
saturation, which is larger than in the forward-active region for a given collector current IC.
Ratio IC / IB in saturation is often referred to as the forced β and is always less than βF. As
the forced β is made lower with respect to βF, the device is said to be more heavily saturated.

The minority-carrier concentration in saturation, shown in Figure 2-88, is a straight line
joining the two end points, assuming that recombination is small. This can be represented
by a linear superposition of the two dotted distributions as shown. The justification for this
is that the terminal currents depend linearly on the concentrations np(0) and np(WB). This
picture of device-carrier concentrations can be used to derive some general equations
describing transistor behavior. Each of the distributions in Figure 2-88 is considered
separately and the two contributions are combined. The emitter current that would result
from np1(x) above is given by the classical diode equation

IEF = −IES 



exp 

VBE

VT
 − 1





(2-173)

where IES is a constant that is often referred to as the “saturation current” of the junction (no
connection with the transistor saturation described above). Equation (2-173) predicts that
the junction current is given by IEF u IES with a reverse-bias voltage applied. However, in
practice Eq. (2-173) is applicable only in the forward-bias region, since second-order effects
dominate under reverse-bias conditions and typically result in a junction current several
orders of magnitude larger than IES. The junction current that flows under reverse-bias
conditions is often called the “leakage current” of the junction.

Returning to Figure 2-88, we can describe the collector current resulting from np2(x) alone
as

ICR = −ICS 



exp 

VBC

VT
 − 1





(2-174)

Figure 2-90 Large-signal models for bipolar transistors in the saturation region.

                   2-2 BIPOLAR TRANSISTORS  229



where ICS is a constant. The total collector current IC is given by ICR plus the fraction of
IEF that reaches the collector (allowing for recombination and reverse emitter injection).
Thus,

IC = αFIES 



exp 

VBE

VT
 − 1




 − ICS 




exp 

VBC

VT
 − 1





(2-175)

where αF has been defined previously by Eq. (2-162). Similarly, the total emitter current is
composed of IEF plus the fraction of ICR that reaches the emitter with the transistor acting in
an inverted mode. Thus,

IE = −IES 



exp 

VBE

VT
 − 1




 + αRICS 




exp 

VBC

VT
 − 1





(2-176)

where αR is the ratio of emitter to collector current with the transistor operating inverted (i.e.,
with the collector–base junction forward biased and emitting carriers into the base and the
emitter–base junction reverse biased and collecting carriers). Typical values of αR are
0.5–0.8. An inverse current gain βR is also defined,

βR = 
αR

1 − αR

(2-177)

and has typical values 1–5. This is the current gain of the transistor when operated inverted
and is much lower than βF because the device geometry and doping densities are designed
to maximize βF. The inverse-active region of device operation occurs for VCE negative in an
npn transistor and is shown in Figure 2-89. In order to display these characteristics adequately
in the same figure as the forward-active region, the negative voltage and current scales have
been expanded. The inverse-active mode of operation is rarely encountered in analog circuits.

Equations (2-175) and (2-176) describe npn transistor operation in the saturation region
when VBE and VBC are both positive, and also in the forward-active and inverse-active regions.
These equations are from the Ebers–Moll equations. In the forward-active region, they
degenerate into a form similar to that of Eqs. (2-146), (2-158), and (2-160) derived earlier.
This can be shown by putting VBE positive and VBC negative in Eqs. (2-175) and (2-176) to
obtain

IC = αFIES 



exp 

VBE

VT
 − 1




 + ICS

(2-178)

IE = −IES 



exp 

VBE

VT
 − 1




 − αRICS

(2-179)

Equation (2-178) is similar in form to Eq. (2-146) except that leakage currents that were
previously neglected have now been included. This minor difference is significant only at
high temperatures or very low operating currents. Comparison of Eq. (2-178) with Eq.
(2-146) allows us to identify IS = αFIES and it can be shown [6] in general that

αFIES = αRICS = IS (2-180)
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where this expression represents a reciprocity condition. Using Eq. (2-180) in Eqs. (2-175)
and (2-176) allows the Ebers–Moll equations to be expressed in the general form

IC = IS 



exp 

VBE

VT
 − 1




 − 

IS

αR
 



exp 

VBC

VT
 − 1





(2-181)

IE = − 
IS

αF

 



exp 

VBE

VT
 − 1




 + IS 




exp 

VBC

VT
 − 1





(2-182)

This form is often used for computer representation of transistor large-signal behavior.
The effect of leakage currents mentioned above can be further illustrated as follows. In

the forward-active region, we have, from Eq. (2-179),

IES 



exp 

VBE

VT
 − 1




 = − IE − αRICS (2-183)

Substitution of Eq. (2-183) in Eq. (2-178) gives

IC = −αFIE + ICO (2-184)

where

ICO = ICS(1 − αRαF) (2-185)

and ICO is the collector–base leakage current with the emitter open. Although ICO is given
theoretically by Eq. (2-185), in practice, surface leakage effects dominate when the collec-
tor–base junction is reverse biased and ICO is typically several orders of magnitude larger
than the value given by Eq. (2-185). However, Eq. (2-184) is still valid if the appropriate
measured value for ICO is used. Typical values of ICO are 10–10 to 10–12 A at 25 °C, and the
magnitude doubles about every 8 °C. As a consequence, these leakage terms can become
very significant at high temperatures. For example, consider the base current IB. This is

IB = −(IC + IE) (2-186)

If IE is calculated from Eq. (2-184) and substituted in Eq. (2-186), the result is

IB = 
1 − αF

αF
 IC − 

ICO

αF

(2-187)

But from Eq. (2-161)

βf = 
αF

1 − αF

(2-188)

and use of Eq. (2-188) in Eq. (2-187) gives
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IB = 
IC

βF

 − 
ICO

αF

(2-189)

Since the two terms in Eq. (2-189) have opposite signs, the effect of ICO is to decrease the
magnitude of the external base current at a given value of collector current.

2-2-6 Small-Signal Models of Bipolar Transistors

Figure 2-91 shows the small-signal equivalent BJT model. It consists of an intrinsic model
and a package model. Table 2-12 lists its keywords.

In order to better understand the difference between the various technologies, we show
Table 2-13, which allows the reader to compare their performances.

Figure 2-91 Linear BJT model.
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Table 2-12 Small-signal equivalent BJT model keywords

Keyword Description Unit Default

Intrinsic Model
A Ratio of IC to IE at dc   0.0
RE Emitter resistance ohm  0.0
F Current generator roll-off frequency hertz  ∞
T Time delay second  0.0
CE Emitter capacitance farad  0.0
CI Collector capacitance farad  0.0
RCE Collector–emitter resistance ohm  ∞
RC Collector resistance ohm  ∞
RO Extrinsic base–collector resistance ohm  0.0
CO Extrinsic base–collector capacitance farad  0.0
RB1 Intrinsic base resistance (Rbb) ohm  0.0
RC1 Parasitic collector resistance ohm  0.0
RE1 Parasitic emitter resistance ohm  0.0
RB2 Parasitic base resistance ohm  0.0
RC2 Parasitic collector resistance ohm  0.0
CBE Base-to-emitter package capacitance farad  0.0
CBC Base-to-collector package capacitance farad  0.0
CCE Collector-to-emitter package capacitance farad  0.0
LB Base-lead inductance henry  0.0
LC Collector-lead inductance henry  0.0
LE Emitter-lead inductance henry  0.0
TJ Chip temperature Kelvin  298
NFAC Noise factor proportional to drive   1.0
FC Flicker noise (1/f noise) corner frequency hertz  50

Package Model
CBCP Base-to-collector package capacitance farad  0.0
CBEP Base-to-emitter package capacitance farad  0.0
CCEP Collector-to-emitter package capacitance farad  0.0
ZBT Base transmission line impedance ohm  50
ZCT Collector transmission line impedance ohm  50
ZET Emitter transmission line impedance ohm  50
LBT Base transmission line length at εr = 1 meter  0.0
LCT Collector transmission line length at εr = 1 meter  0.0
LET Emitter transmission line length at εr = 1 meter  0.0

Notes:
1. A ≡ α = Ic / Ie; β = dc current gain = α(1 – α).
2. The bipolar current gain in this model is described by

A = A(0) = 
e−jωT

1 + j (f / F)

where ω = 2 πf and f is frequency.
3. The current source is controlled by the current through Re. The current generator has a cutoff frequency with
respect to the total emitter current, IE:

F = gm / 2πCe

where gm = 1/Re. This frequency becomes infinite for the default value for Ce (0.0). The parammeter F specifies
the frequency roll-off for the current generator with respect to the current through Re. Effectively, this frequency
parameter may be used to model additional delays in the device.
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Table 2-13 Overview of current BJT technologies including BiCMOS

Parameter MOSAIC 3 MOSAIC 5 MOSAIC 5SE RFBICMOS1 TFSOI

Emitter Size 0.95 × 3.2 µm2 0.3 × 0.9 µm2 0.3 × 0.9 µm2 0.4 × 1.3 µm2 0.1 × 1.2 µm2

β 150 150 90 80 40–65
Ft (GHz) 14@ Vce = 1 V 14@ Vce = 1 V 27@ Vce = 1 V 16@ Vce = 1 V 8@ Vce = 2 V
Cje (fF) 19.9 4.3 3.8 5.1 1.5
Cjc (fF) 25.1 2.8 2.8 3.7 0.34
Cjs (fF) 49.6 4.3 3.6 7.4 0.95
Re (Ω) 22 36 50 34 72
Rb (Ω) 462 578 583 462 n/a
BVceo (V) 6.5 7.0 4.8 6.0 >3.5
BVcbo (V) 20 20 15 18 >10
BVebo (V) 5.2 4.2 3.8 6.0 4.3
VA (V) 30 48 20 >25 25–40
Minimum Tpd 75 ps @ 1.5

mA
35 ps @ 800

µA
36 ps @ 800

µA
43 ps @ 300 µA 52 ps @ 25 µA

Parameter
TFSOI Ring

Device
RFBICMOS3

Analog
RFBICMOS3

Digital
BiGCMOS3

Analog
BiGCMOS3

Digital

Emitter Size 0.1 × 
7.2 µm2

0.25 × 
0.75 µm2

0.25 × 
0.75 µm2

0.2 × 
0.6 µm2

0.2 × 
0.6 µm2

β 40–65 100 150 100 100
Ft (GHz) 8 @ Vce = 2 V 15 @ Vce = 2 V 25 @ Vce = 2 V 15 @ Vce = 1 V 35 @ Vce = 1 V
Cje (fF) 3.4 1.8 1.8 1.7 1.7
Cjc (fF) 2.8 1.1 1.1 0.2 0.3
Cjs (fF) 2.4 12.0 12.0 4 4
Re (Ω) 26 140 140 113 113
Rb (Ω) 790 n/a n/a 10 kΩ/sq. 15 kΩ/sq.
BVceo (V) >3.5 6.5 4 6.5 4.8
BVcbo (V) >10 15 15 20 15
BVebo (V) 4.3 4 4 4 4
VA (V) 30–40 40 25 40 20
Minimum Tpd 75 ps @ 

100 µA
n/a n/a 35 ps @

50 µA
22 ps @
200 µA

Parameter
AT&T

BEST2a Fujitsu POSET HP HP-25 HP ISOSAT IIb Hitachi SMI

Emitter Size 1.0 × 2.0 µm2 0.1 × 1.7 µm2 0.4 × 20 µm2 0.6 × ? µm2 0.2 × 2.0 µm2

β 100 110 75 100 500
Ft (GHz) 23 @ Vce = 3

V
38 @ Vce = 3 V 28.5 @ Vce = 3

V
14/Fmax > 20

GHz
82@ Vce = 2 V

Cje (fF) 5.0 3.5 42 n/a 2.9
Cjc (fF) 5.0 2.2 37 n/a 4.8
Cjs (fF) 8.0 n/a 123 n/a 4.1
Re (Ω) 25 25 n/a n/a 30
Rb (Ω) 10 kΩ/sq. 960 100 n/a 240
BVceo (V) 5.5 5.4 5.2 15 2.5
BVcbo (V) 11 18.2 15 25 6.4
BVebo (V) 8.0 4.5 >5 2.0 6.2
VA (V) 24 n/a n/a 25 8

(continued)
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Table 2-13 (Continued)

Parameter
AT&T

BEST2a Fujitsu POSET HP HP-25 HP ISOSAT IIb Hitachi SMI

Minimum Tpd 37 ps @ 
2.1 mA

 48 ps @
600 µA

21.5 ps @
320 µA

n/a n/a 16 ps @
Ig = 1.3

Parameter IBM SiGec Maxim GST-1d Maxim GST-2e Mitsubishif
National 
ABIC V

Emitter Size 0.5 × 1.0 µm2 1.2 × 2.6 µm2 0.7 × 1.5 µm2 0.5 × 5.7 µm2 0.5 × 0.5 µm2

β 100 75 190 90 85
Ft (GHz) 41 @ Vce = 1

V
12.5 26 @ Vce = 4 V 20 13 @ Vce = 2 V

Cje (fF) 5.2 9 4 n/a 1.9
Cjc (fF) 3.4 15 7 9 3.7
Cjs (fF) 3.6 11 9 n/a 9.6
Re (Ω) n/a n/a 80 n/a n/a
Rb (Ω) 300 600 710 155 383
BVceo (V) 3.3 >5 >4 6.2 8.5
BVcbo (V) 9.5 >12 >14 n/a 20
BVebo (V) n/a >4 >4 n/a 7.5
VA (V) n/a 20 15 n/a n/a
Minimum Tpd n/a n/a n/a n/a 38 ps @ 1.8

mA

Parameter NEC BSA NEC SiGeg
NEC NESAT

III Philips QBiC2 Philips PRETg

Emitter 0.4 × 7.6 µm2 0.2 × 1.6 µm2 0.6 × 40 µm2 0.5 × 1.2 µm2 0.2 × 0.9 µm2

β n/a 120 80 100 50
Ft (GHz) 43 51 20 @ Vce = 3 V 17 14
Cje (fF) 20 n/a 120 2.4 1.5
Cjc (fF) 16 1.7 140 3.5 1.0
Cjs (fF) n/a n/a 160 6.5 5.0
Re (Ω) n/a 80 n/a 120 120
Rb (Ω) 43 220 55 700 Ω/sq. 1 kΩ/sq.
BVceo (V) 3.3 2.7 6 4.5 7
BVcbo (V) n/a n/a 17 13 12.5
BVebo (V) 2 2.2 4.5 5.5 5.5
VA (V) n/a n/a n/a 15 20
Minimum Tpd 29 ps @ 

300 µA
19 ps @ 
300 µA

n/a n/a n/a

Parameter Philips SiGeg Siemens B6HF
Siemens B6HF

Plus Siemens SiGeg SONYh

Emitter Size 0.4 × 1.4 µm2 0.8 × 3.3
(drawn) µm2

0.25 × 2.7 µm2 0.27 × 2.5 µm2 0.2 × ? µm2

β 100 >60 115 130 100
Ft (GHz) 45 @

Vce = 1.5 V
25 @ Vcb = 0 V 50 @ Vcb = 2 V 61 @ Vcb = 1 V 30

Cje (fF) 9.1 11 8.5 7.5 n/a
Cjc (fF) 4.6 6.5 8.0 5.5 n/a
Cjs (fF) 10.8 31 26.5 13 n/a

(continued)
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Table 2-13 Overview of current BJT technologies including BiCMOS (Continued)

Parameter Phillips SiGeg Siemens B6HF
Siemens B6HF

Plus Siemens SiGeg SONYh

Re (Ω) n/a n/a n/a n/a n/a
Rb (Ω) n/a 165 14 kΩ/sq. 8 kΩ/sq. n/a
BVceo (V) 3.2 >3.5 7 2.5 4.0
BVcbo (V) 11 n/a 10.8 9.9 18
BVebo (V) 3.5 n/a 2.0 3.0 3.5
VA (V) 70–100 n/a 20 130 10
Minimum Tpd 14 ps @ 6 mA 25 ps @ 1.2

mA (CML)
16 ps @ 2.0
mA (CML)

11 ps @ 1.9 mA
(CML)

21 ps @ Ig =
3.5 mA (CML)

Parameter STM HSBi STM HSB2A iSTM HSB3g,j Toshiba
Toshiba Epi

Baseg

Emitter Size 0.35 × ? µm2 0.35 × ? µm2 0.2 × ? µm2 0.4 × 5.0 µm2 0.6 × 5.0 µm2

β >50 >50 >50 60 105
Ft (GHz) n/a 20 ~50 22 @ Vce = 2 V 52 @ Vce = 3 V
Cje (fF) n/a n/a n/a 9.0 16.1
Cjc (fF) n/a n/a n/a 3.6 14.1
Cjs (fF) n/a n/a n/a 11 n/a
Re (Ω) n/a n/a n/a 14 22.7
Rb (Ω) 10 kΩ/sq. n/a n/a 90 205
BVceo (V) 4.5 n/a n/a 6.2 4.1
BVcbo (V) n/a n/a n/a 14.8 9.5
BVebo (V) n/a n/a n/a 4.2 n/a
VA (V) n/a >30 n/a n/a 26.5
Minimum Tpd n/a 30 ps n/a 19 ps @ 1.2 mA n/a

a 1.0 µm Design Rule; NF = 3.25 dB, GA = 12 dB at IC = 2 mA, freq. = 2 GHz for 16 × 1 × 2 µm2; Resistors: 150
Ω/sq. (mono), 300 Ω/sq. (mono), 500 Ω/sq. (poly); Layers of metal, Schottky diodes, linear capacitor (silicided n+

poly/n+Si); Gate length = 0.68 µm (n-ch)/0.8 µm (p-ch), Gate Oxide = 12.5 nm (3 V)/15 nm (5 V), Vth = 0.65 V
(n-ch)/–0.9 V (p-ch), Gm (µS/µm) = 204 (n-ch)/65 (p-ch).
b 0.6 µm Design Rule; Gold metallization, ILD: polyimide; Inductors: Q > 10 for L ≤ 10 nH; Capacitors: Q > 25
for C ≤ 20 pF; Schottky diodes (fc = 100 GHz), Zener diodes, MIS capacitor, thin film resistors, and LPNP, 10
mask process.
cAnalog devices using this process.
d LPNP Ft = 80 MHz; three-layer metallization; Schottky diodes (RsCj ~ 4 ps); Implanted resistors: 200 Ω/sq.; Poly
resistors: 400/2000 Ω/sq.; NiCr thin film resistors (50 Ω/sq.) with laser trim option; MOS capacitor.
e LPNP Ft = 85 MHz; two-layer metallization; Schottky diodes (RsCj ~ 0.8 ps); Implanted resistors: 170/600/1200
Ω/sq.; NiCr thin film resistors (50 Ω/sq.) with laser trim option; MOS capacitor.
f Ln = 0.8 µm, Tox = 18 nm, Vth = 0.76 V (nmos), Vth = –0.78 V (pmos), 2poly-MIM capacitor: 2.7 fF/µm2, Schottkys,
inductors.
g Not known if this process is in production.
h 0.8 µm Design Rules; 2.5 fF/µm2 MIS capacitor; 600 MHz PJFET; 12L; Ft = 4 GHz VPNP; poly resistors
80/400/2000 Ω/sq.
i Targeted for 900-MHz GSM radio front-end blocks, a CT2 cordless single-chip radio, and DECT (digital enhanced
cordless telephones).
j Targeted for multimode 900-MHz GSM, 1.8-GHz PCN and 1.9-GHz PCS based systems. Company is also
evaluating integrating SiGe in HSB3.
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2-3 FIELD-EFFECT TRANSISTORS

Both diodes and pnp/npn transistors work on the injection principle, which means the
base–emitter junction generates either free electrons or other carriers, which are being
“collected” by the collector connection and the base connection controls it. While this is a
fairly complex process, its physics is well understood, and its latest spin-offs, heterojunction
BJTs and silicon–germanium transistors, seem to offer a bright future.

In opposition to this, the field-effect transistor (FET) controls the electronic conduction
in a solid by an electric field, and this concept actually predates the invention of the bipolar
transistor. J. E. Lilienfeld filed for a patent on such a device in 1925 (U.S. Patent No.
1,745,175), and W. Shockley presented a comprehensive theory of the FET in 1952. It took
until 1960 before the first commercially available FETs came on the market.

Several types of semiconductor materials have been used for making FETs: silicon,
germanium, gallium arsenide, and others have been used. By far the most widely used is
silicon, followed now by gallium arsenide.

The FET is a class of electronic semiconductor device in which the conduction of a
“channel” between source (S) and drain (D) terminals is controlled by an electric field
impressed on the channel via a gate (G) terminal. The conduction channel may utilize n-type
carriers (electrons) or p-type carriers (holes). The electric field that controls the channel
conduction may be introduced via a pn junction [for a “junction” FET (JFET)], a metal plate
separated from the semiconductor channel by an oxide dielectric [for a metal-oxide semi-
conductor (MOS) FET], or a combination of the two methods. The polarity of the controlling
electrical field is a function of the type of carriers in the channel. A FET “family tree” is
shown in Figure 2-92.

For today’s microwave and RF integrated circuits, the JFET with its high-frequency
problems (low cutoff frequency) and large variation in parameters, such as transconductance
and pinchoff voltage, has fallen out of favor and is mainly used in discrete circuits such as
two-way radios or other RF applications that tolerate these wide variations and temperature
dependence. The most-used FET types are MOS for small-signal applications, LDMOS
(lateral diffused MOS) for power applications, and GaAs MESFET for lower-power appli-
cations (low-voltage applications) as well as high-power applications (recent advertisements
by NEC have shown output power up to 100 W). Additional information on the FET family
is shown in Figure 2-93.

All members of the FET family are high-impedance-input devices. Figure 2-94 shows the
key operating parameters for MOSFETs and MESFETs in low-noise stages, high-gain
stages, and linearized power stages. The linearization also improves the matching. This figure
is similar to its counterpart in Section 2-2-2.

The following several pages present a typical example of a datasheet* for a JFET (U310)
and the chip (NZA) on which it is based, followed by an example of a device with a much
higher dynamic range (the CP640 family). The CP640 family and devices similar to them
are being replaced by low-power LDMOS, which are not yet well-documented. At least one
company, InterFET, is devoted entirely to producing discrete JFETs and JFET-related hybrid
and small-scale-integration IC products.

* Reproduced with permission of Vishay-Siliconix.
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Figure 2-94 Key parameters in operating a MESFET in a low-noise front-end stage, a high-gain
intermediate stage, and a linear power stage, showing (a) the device characteristics that lead to optimum
dc bias for each service, (b) the parameters that characterize the device performance, (c) the optimum
generator reflection coefficient that must be synthesized by each circuit, and (d) circuit arrangements
that reduce the transistor’s input Q or stabilize it at low frequencies. Although this example is based on
an HP MESFET with a gate length of 1 µm and a gate width of 500 µm, this principle applies to all
members of the FET family [7]. Copyright ©1976 IEEE.
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2-3-1 Large-Signal Behavior of JFETs
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Figure 2-95 Junction field-effect transistor [9].
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Figure 2-96 Static characteristics of an n-channel JFET.
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Figure 2-97 Enlargement of n-channel output characteristic around VDS = 0.
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Figure 2-98 JFET ID, gfs, and gds.
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Figure 2-99 The nonlinear JFET model. Table 2-14 lists its intrinsic and extrinsic parameters. In our
opinion, this model is limited to frequencies below 10 MHz; above this frequency, the modified Materka
model should replace it.

Table 2-14 Large-signal JFET model keywords
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Figure 2-100 Linear FET model.
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Table 2-15 Small-signal FET model keywords
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aThe transconductance of this model may be approximately described by gm = G 
e−jωT

1 + j(f / F)
 where ω = 2πf and f

is frequency.
bThe flicker noise frequency dependence is given by 1 / (f / Fc)FCP. 
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Figure 2-101 JFET noise characteristics.

Figure 2-102 Equivalent noise circuit of the FET.
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Transfer Characteristics of MOS Devices. �� ������ ������	� ��� � �"#���� �	�	���
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Figure 2-103 (a) Typical enhancement-mode NMOS structure. (b) Enhancement-mode NMOS or
PMOS circuit symbol when one device type only is present. (c) NMOS and PMOS symbols used in CMOS
circuits. (d) NMOS and PMOS symbols used when the substrate connection is nonstandard. (e) Depletion
MOS device symbol.

256  MODELS FOR ACTIVE DEVICES



������φ��������#���	�����	�������#�����	��"����������5���:������	��	������ �%&���&�H�&B

���������#�	����	���"�����&�����	��	�������������"#����!����� �	��ε��������#��&����
��"���

����������	������������#����	�������	��������#�����	������	���

Q = qNAX = √2qNAεφ ����2��

;��	�����#���	�����	�����������	�����������������
�����)�������������������&����
�� 

φ
���2�B�4 ��#��	�&�	�	�(	��	���$�	
�����	%��������@=�A�����������	��������	�����
�����

#�������	������������	�����	�������#�����	��"���������!����	���������	��"�������������	���

����	�������	�������#�����	��"����������"��	���������5����������#�����������	��	��������"#�

�����	�����������������	�����	������	��	�����������	�����	����		���!�����	��������	�

���	���������		����	����	�!��&��������!"��	��������������������	���������
�������'	

����#����	������	��	
�����	��"�� �	�������	����!������!�� �������#�����	������	���	��	�

���5��������

Qb0 = √2qNAε2φf ����2B�

'�����!������!���
������������������#�����
����������		�����
���������##�����!�����	

�������	����!����� �����#���	������)���������#��������	
�����	�!���&���(�φ
�+����)�	�

������������������	�������#�����	������	��	���	������

Qb = √2qNAε(2φf + VSB) ����2C�

��������
��������� ���)���������#�������	��	
�����	��"�� ������������������������
�����

���	���	�	���!�����������������
��������	�����������
������&#�	�	��������� ��
�����

@�φ
�+�('�(�5)A������)��������������	�������#�����	��"���������'� �������(�5�����������

�5�����#���	���#����	�������+���	� �����(���	����	��������	���φ����5�����!�����	����

Figure 2-104 Idealized NMOS device cross section with positive VGS applied, showing depletion
regions and the induced channel.
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Figure 2-105 NMOS device with bias voltages applied.
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Figure 2-106 NMOS device characteristics.
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Figure 2-107 Small-signal MOS transistor equivalent circuit.
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2-3-5 Short-Channel Effects in FETs
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Figure 2-108 Typical measured electron drift velocity vd versus tangent electric field � in an MOS
surface channel (solid line). Also shown (dotted line) is the analytical approximation of Eq. (2.245) with
�c = 1.5 × 106 V/m and µn = 0.07 m2/V ⋅ s.
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Figure 2-109 Model of velocity saturation of a MOSFET by addition of a series source resistance to
an ideal square-law device.
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Figure 2-110 Cross section of (a) VMOS and (b) DMOS FETs.
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Figure 2-111 Cross section of a Philips LDMOS FET [18].
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2-3-6 Small-Signal Models of MOSFETs
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Figure 2-112 Photo of the underside of an LDMOS FET.
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Figure 2-113 (a) Measured NMOS transfer characteristic in the forward-active region. (b) Data from
part (a) plotted as √ID  versus VGS showing the square-law characteristic. (c) Data from part (a) plotted
on log–linear scales showing the exponential characteristic of the subthreshold region.
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Figure 2-113. (Continued)

Figure 2-114 Representation of impact ionization in a MOSFET by a drain–substrate current generator.

                   2-3 FIELD-EFFECT TRANSISTORS  273



�	�����#�����������������������	����&�	�����������������������!"��&#�����	�9���	��������

	��� ��	��	��� �����	� ���� ��
���� �� ���"� ��� �	� � !�#���� ��	�������� ���� ������� ��� ����

#��	�&�	�	��	�!��&�������!"��	������	�������	�������������	����	�������������&����	

�����!����� �������	��	����������==C�����	�G/K+���
���������&�	����������������!�����

�����	�� ��#�	��� �	� ���� 
������ ������ ���� ���	� ��#�����	� �����	� ������� �����&�	��� ���

�	���"����������	�9�	����		����������	�� �	�������	��������	������	���������������������

��������		����������	���	����������#�����	������	���'�����!��	����	���&#������"�@�2A����

���������	�������	�!���5#��������

IDB = K1(VDS − VDS,sat)IDe−[K
2
 / (V

DS
−VDS,sat

)]
����72�

�������=�	��������#���������#�	��	��#�&������	����� ����������
��������������������

���	����������������	���������������	������	���"#����
���������G/K+���
���������=�<

��4:=�	�����<�B2�4������������������	����"�&������������	����	���	�,/K+���
�����!�����

�������������"�	�������������	�������		������&����������������	���	������	������:�������	

#������	�����	���������������	��

����&�����&#�����������#��	�&�	�	��	���������#�����&	�����������#�������������	��

���&����	������!������	����5������+�	���������!���������	�G/K+���
�����	������!�����

#����������	�������	���������&&�	���!���������&�	��&������"��!����		������������

&����	����
����##�"�
�������	������������� �����#�������������	������	����������	��������	�

	���	�!�����&���	���������	�&	"��������������	���?������	����	���)������72�������	�����

�������	:��!�������&������	����	����	��

gdb = 
∂IDB

∂VD

= K2

IDB

(VDS − VDS,sat)
2

����7=�

��������������	���������������&������������5���#���	�����

'	�'-�##������	������>�H8E���������� �&	"�	���"������
���#��!��&����&�	6

� =�� ��������(������	������)��	�"�����/K+���
����������&�������!�����	�=22�(E9�	�

=�/E9�

� ��� 1���������!�(#�	��#��!��&���	�'-� ��������������!�������#���	�� ����������
�

������������� �����#�����&	������	�'-�/K+H-/K+����	�������������5#��������

�����������������	�����	��������

� B�� ?�������� ��
���� � ����� �� ����		��� /K+� ��
���� � ������ ��� ���� 
��!��� �

��������/K+���� ��	����(�������#����=�22�/E9��+����#�����&	������	���"��

����	��	�������	�!����>�'-��

� C�� ����>��#�������
���� ��������L?/K+�	���������&�	���	�� �#��&���	������������

�	�"�����	����������������
���������������	���)��
��	��'-���	�����&�(���"���

'�������!���	�������	����������������������	����"���������(���������#�����	����)��	�"��'��

&�	��
	���� ��� ����1�-/K+�#������ ������������� ����&�5�	�����	����	��������

���������	����"��E�������	����	���	������� ��������+�0� �����	����	��"�&����&������	��

274  MODELS FOR ACTIVE DEVICES



	� ����������&��#�����&	�� ���)���������������	����	�/K+�����	����"��K	������������	� 

����
��	������	�����������#��������	�+�0��!����'-��

'	������������	����
��#��� ������#���������������������������+��&�	���	���'	��	��	

����	���������1�������	��������/K+����P��!�
���22�/E9 ��������������������������

�����������/K+��� ������������1���D ����#����������
������	����������
���������&�	

����	�������������6

� =�� '	���	��" ��������)��
��	�����������	����������
�������		�������	����������	���

&�	� �������������#�����
�����#����	���	���������	����������	��������	 ������

�	�����"�
���������/�������������	��������������&�	����!���������������)��	���� 

�#����	���#����=���0E9�

� ��� ��������	�������	�!������������0-���������0�����
��������	��� �������	�
����

��
��"�

� B�� 1"�##�"�	���������������������	�����0���� ��������	��������	��	�!���������

&�5���

����&�������!�(�������������
������������������������	����	����&#���������	����
��"�

���"�������������&�������������-/K+������	�!������&�����
��!������#�����&	���

����1���� ������������������� �����	������"����������/K+�����#������������	�"�B22

/E9*� ����
�� � ��� ��� ��#������	�� ���� �������P� !������ ���� �	�� &���� ##���!��� ���

����������������� �����1�=22� ������	����
����������&#���������������

��� ��&�	������ ���� �#!�������� ��� ����
������ L?/K+� ��	������� � ��� ����� ���

/>��22B���������Q��������
��������	��	������������
������##������	�����	����3���4����

����!�����������(	������� ��������������������
������L?/K+���	��������	�����&�(����K����

&�&!�������������&��" �������#���������;��/>��22���	��=��;��/>��2=�� �!���	���

��)��������������##�"�
����������������&(�������������	�����������	 ������
	�������L?/K+

�� �!�������������
�������#�����	 �&����������������!�(��#���	����L?/K+���
����

��� 	��� 
��!��� ���� �#����� !�
�� =� 0E9� 	�� #������� 72� ;�� ������ ��� 	��� ��&�

��&#������	��������������	��"��	���������G�-�0����� �������������#����=22�;��	����&���

���)��	�"��	���

P
>�#�������������#��&�����	�

Q
-�#"���������/������ ������!"�#��&�����	�

                   2-3 FIELD-EFFECT TRANSISTORS  275



276  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  277



278  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  279



280  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  281



282  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  283



284  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  285



286  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  287



288  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  289



290  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  291



292  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  293



294  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  295



296  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  297



298  MODELS FOR ACTIVE DEVICES



                   2-3 FIELD-EFFECT TRANSISTORS  299



300  MODELS FOR ACTIVE DEVICES



2-3-7 GaAs MESFETs

Introduction. /���� ��	� ���	�"� "���� �� � ���� >�� ##������	� � ���� ����� ��� ���
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�������=�0E9���&��������� ���������.�

��&#���������	����
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Large-Signal Behavior of GaAs MESFETs. ���� &���&����� ���� ���� ��������	�
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���� ��� ���� 0������ ��� !�����"� )����� ��&���� ��� ���� ���� ���� ����*� ����
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fmax = 
fT
2

     
R0

Ri + Rs + Rg
����7C�

�����&#�����������	 
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Table 2-16 Comparison of Si BJT, SiGe HBT, and GaAsFET technologies
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The Modified Materka-Kacprzak Model ���������==�������������	���	����&�����������

/���(�������!�����=D�����������(�"������

Large-Signal Equations

�������
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�����
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Figure 2-116 (a) Cross section and bias circuit and (b) dc I–V curve, including ac load line, for a
MESFET.
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Figure 2-117 MESFET extrinsic model.

Figure 2-118 MESFET package model.
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GMAX
4

 {tanh[K1D(Vgsi − K2D)] − 1} [Vgdi + VBC − √(Vgdi + VBC)2 + K3D]

Table 2-17 Large-signal MESFET model keywords

F�"���� ?�����#���	 8	�� ?�����

��������������������

�� 0���!��(�	����&���������	�� ��& � � � 2�2

�� ?��	�!��(�	����&���������	�� ��& � � � 2�2

�� +������!��(�	����&���������	�� ��& � � � 2�2

�� 0��������	����	����&�����9���	� ��	�" � � � 2�2

�� ?��	������	����	����&�����9���	� ��	�" � � � 2�2

�� +�����������	����	����
�� ��	�" � � � 2�2

��� ?��	:��������#���	�� ��� � � � 2�2

���� L������)��	�"���##�	���#����� ��� � � � 2�2

���� -�		�����##�	��������	�� ��& � � � ∞
��
 0��:������������������#���	�� ��� � � � 2�2

��
 ?��	:������������������#���	�� ��� � � � 2�2

���
 0��:���	������������#���	�� ��� � � � 2�2

��	 0�������!�	���	����	�� ��	�" � � � 2�2

��	 ?��	�����!�	���	����	�� ��	�" � � � 2�2

��	 +����������!�	���	����	�� ��	�" � � � 2�2

���	 0���!�	�#�������������#���	�� ��� � � � 2�2

���	 ?��	�!�	�#�������������#���	�� ��� � � � 2�2

���� 0�������������#�(����#���	�� ��� � � � 2�2

���� ?��	�����������#�(����#���	�� ��� � � � 2�2

���� 0���������	�#�(����#���	�� ��� � � � 2�2

��� 0�����	�&�����	���	���&#��	�� ��& � � � �2

��� ?��	���	�&�����	���	���&#��	�� ��& � � � �2

��� +��������	�&�����	���	���&#��	�� ��& � � � �2

��� 0�����	�&�����	���	����	��������ε��<�= &���� � � � 2�2

��� ?��	���	�&�����	���	����	��������ε��<�= &���� � � � 2�2
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Igdc = IG0[exp(AFABVgdi) − 1]
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Cgd = CGS0 
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√1 − 
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F1 = 
1
2

 



1 + 

Veff − VT

√(Veff − VT)
2 + δ2





F2 = 
1
2

 



1 + 

Vgsi − Vgdi

√(Vgsi − Vgdi)
2 + (1 / ALFA)2





Figure 2-119 Intrinsic model of the modified Materka–Kacprzak MESFET.
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Table 2-18 Materka–Kacprzak MESFET model keywords

F�"���� ?�����#���	 8	�� ?�����

&���3�%����3�����%���

��
� ����&����#���� � =�2
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��� BD�7�7

�	� 1��(���	��������	������	� &#��� 2

���	 +��#�����������!��(���	������	� H
��� 2

�	� 1��(���	�
����� 
��� ∞
��( 1��(���	���	����	�� &#���H
��� 2

�)� �����	��#�&���� H
��� 2

�*� �����	��#�&���� 
��� 2

�+� �����	��#�&���� 
���
�

2

�)� '	���	������		���������	�����������<�2 ��& 2�2

�� +��#������������	���	������		���������	�� H
��� 2�2

��������(����������������

�)� 0��:�������+�����("�!�������#���	�����������<�2 ��� 2�2

�) +��#��#�&�����������:��������#���	�� H
��� =���

�� 0��:�����������	�����������	� � 2��

�)� -�	��	��#���������&#�	�	��������:������
�#���	��

��� 2�2

��� 0��:���	�����!�(��#���	�����������<�2 ��� 2�2

�� +��#��#�&�����������:���	�����!�(��#���	�� H
��� =���

�� 0��:���	�����	�����������	� � 2��

��� �������!�����#�����	��#���	������������	� � 2�D

aThe flicker noise parameter of the Materka model is KFN so as not to conflict with the KF parameter in the
capacitance model.
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F3 = 
1
2

 



1 − 

Vgsi − Vgdi

√(Vgsi − Vgdi)
2 + (1 / ALFA)2





Vnew = 



A1,
VMAX,

    
A1 < VMAX
A1 ≥ VMAX

A1 = 
1
2

 (Veff + VT + √(Veff − VT)
2 + δ2)

Veff = 1
2

 

Vgsi + Vgdi + √(Vgsi − Vgdi)

2 + (1 / ALFA)2 


VT = VP0 + GAMA Vdsi

δ = 0.2

+�&���������&���������	���������/���(�&������
��!��	���	��!"��	������	����
�����

?�#��&�	�����?���	�����	����� �	��!"�>"����	�	����5��'	����&�	����	������&���

��	����� �������	�����!��	�����!��	�������

���� &���� ����
	�� �)����	� ��� ����"� ���� ��		��� �����	��� '��� ����
��
��� ��� �����"

���#�	��!����������������"���������	���&�������	����������	 �#�����������������	�" �	� 

��������� ���������:�����
���

Enhancement/Depletion FETs ���&(�����������	��.�������&������������� �������	�����

������������������"#������0������6

� =�� ����������2����4�2���5��/������&���������������*���������&����!��	����
����

��	�����������
��������"��������&������&&�	�"�#��������	��������������"#��&���

�������������	������!��(�

K	��	���	�6

• ���"���)������	����
������
��������������#������������������

• +����!����������#�����	����&����	������##�"�
������

K	������������	�6

• ��������
�������#�����	 ��	����
��
��������	������&"�!����)������

• +�##�"�
������&����!�����!����������&&�������������	���#�����	�

� ��� ��-���������2����4�2���5��/������&�����������/K+���*���������&����!��#�����
�

���!��	����������������
�����,�������"��#�(�	� ���������������&����"��	��	�������

��������*����".����"#����"�	���
��!����	��������� �#�(�������&�

K	��	���	�6

• ���"�	�����	�"�#�����
����##�"�����!���	��

• ���"�#��
�����������	�H&��������&����
����������M��=�&+�
������B���&+���D�&��
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• ���"�����������������#�����LG�� ���
�	���������"�!������G������?���� �	�G�����=

�1���=�0E9 �	������<�=2�&��

K	������������	�6

• ���"��
���
��"���&���������!����	��������!�����	�2�=��	��2�3�4��

• ����������	������	���������G��	���	#����&#��	���

• ���������#���	���������������	��������?�����

• ������	����"����	�������������������?�����

;�������".������	������� ����0�����
������������		��*�����
��	������	�	"�����		���

"����/�����	���&���	�!����!���	�������!����
�	��	�����	�5����#����

���������=�2�������&#������&�	� �����#����)��
��	��������������/�+���������	�����

������	������&#������&�	����&#�	�	���

2-3-8 Small-Signal GaAs MESFET Model

���������=�=�����������##���!�����	����)��
��	���������������/�+����	���!�����=�

������ ���� (�"������� ��� ����� ���� /K+� ��	������� � ������ ��� � �����&����	���� �������

/K+����
��!���������������&����"��	��#������������� ��������#��&#��������	��&�5��� 

������'��������!�����	����	��"����������	���������(������	������)��	�" ������5&#�� �������

��	��22�/E9�

���� �������	�� ������������P� ����� �"#����0������ �!���� ����	�����	��&����&�

#������+������
������� ���������� �
��!������&�������
����"����&	���������M���	&�

���������� �+��&�	��	������G�##�	����������-�&#	" ������������#����	�����	�����8	����

+�����!"�-�����	�������	�L!���������

Figure 2-120 Location of lumped-element components for a MESFET.

P
>�#�������������#��&�����	�
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Figure 2-121 Small-signal model of a MESFET.
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Table 2-19 Small-signal MESFET model keywords

F�"���� ?�����#���	 8	�� ?�����

� ��	���	����	������� �02
�

H��&

��� 0��:��������#���	�� ���

� B��1�>�����������)��	�" ����9 ∞
� ��&�����" ����	� 2�2

��� ?��	:���������&�����" ����	� 2�2

��� 0��:���������	����	�� H��& 2�2

��� ?��	:�����#���	�� ��� 2�2

��� ?�#�����"����#���	�� ��� 2�2

��� ?��	:��������#���	�� ��� 2�2

��� ?��	:���������	����	�� H��& 2�2

�� -�		���������	�� ��& 2�2

�� 0���������	�� ��& 2�2

�� ?��	�������	�� ��& 2�2

�� +������������	�� ��& 2�2

��
 �5���	�������#���	�� ��� 2�2

��
 �5���	�����	��#���	�� ��� 2�2

�� 0��������	����	�� ��	�" 2�2

�� ?��	������	����	�� ��	�" 2�2

�� +�����������	����	�� ��	�" 2�2

���
 �5���	�����:���	��#���	�� ��� 2�2

��� 0��:���	���	����	�� H��& 2�2

�� -��#���&#������ (��
�	 ��D

�����	������������

��	 0�������!�	���	����	�� ��	�" 2�2

��	 ?��	�����!�	���	����	�� ��	�" 2�2

��	 +����������!�	���	����	�� ��	�" 2�2

���	 0���!�	�#�������������#���	�� ��� 2�2

���	 ?��	�!�	�#�������������#���	�� ��� 2�2

���� 0�������������#�(����#���	�� ��� 2�2

���� ?��	�����������#�(����#���	�� ��� 2�2

���� 0���������	�#�(����#���	�� ��� 2�2

��� 0�����	�&�����	���	���&#��	�� ��& �2

��� ?��	���	�&�����	���	���&#��	�� ��& �2

��� +��������	�&�����	���	���&#��	�� ��& �2

��� 0�����	�&�����	���	����	����������ε��<�= &���� 2�2

��� ?��	���	�&�����	���	����	����������ε��<�= &���� 2�2

��� +��������	�&�����	���	����	����������ε��<�= &���� 2�2

�� -��	������)��	�"��������(����=H
 ��	����� ����9 =2�/E9

��� +�#���������������=H
�	��������#�	�� =�2

����� 8��������	������&�����������������&#����������������	�

aThe transconductance of this model may approximately be described by gm = G 
e−jωT

1 = j(f / F)
 where ω = 2πf and f

is frequency.
bThe flicker noise frequency dependence is given by 1 / (f / Fc)FCP
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2-4 PARAMETER EXTRACTION OF ACTIVE DEVICES

2-4-1 Introduction

�������������	
����������������������	��������������	����������������������
�	�����	

��������������������	�������	��������������������������
���������	���	����	������
���

��������
��������������������	���	�������������	���

������������	�����������������	�������������������������������������������
���������	

��	�����������������������	����������������	��	�����	�������������������������	������

�����	�����	�������������������� ����!�"��������������	������������	��������������

�������� ��������� ��� ���������
� �� ����������� ��� ��� 	��	��� ������
� ��� ����#�����

$�������������������������������������%	����	�����������������	��������������	��

������������������&���	�������������������������������������������������������������

��������������	������������	���������������������������������������������������������

�����'������	�������������������������	���������������������%β&����())������������
������������������(*������������������������

���� �����	� ��	������ ������ ��������� ��� ����������� ��� ��� ����
����� ��������

���������� ���� ��� 	������ ��	���	�� +������� ��� ���� �������� ��� ���� ������� �� 	�����	

��
���������	�	����������������������������������������	���������'�������������������

������	����������������������������
��������������������������������������������������������

���������������� ��� ���,-����������	������������� ����� ����(*���� ���	�����������

�������� ��	� ��������� ,�	������ �� 	�����.�� ������'� ���������� ���������� ������� �� �

��������������������������������������������������������������������	�����������������

�����������������������������������������������������	�����������	����	������������

��������������������������
���������������������	������������	�����.��,-�������������

��	�����������������������������������������������(*�������	����������������������	

����������������������	��������������������������������������/����������������������

���������������������������������	����������������-+���%/0!����������1-+������	��������

������"���-+�������
&����������
��������'��������������������
�����������
������������

�������������������������������������������������������������
�������������������������

�������	��� ������	������� 	��������� ���� ���	�� �� ����� ���	� ��	� ������ 	���������� ��

�����������
�������������������������!234+���������������������
�����������	����

��	�������������������������������������������������������3-���+5�+6!+��������

��������������������	������
���������������������������	����3��������������������

������������	����������	����������������������������������
��������������	�����

	��������������������
������	�������������������	�������������	����������	�����������	�

��	�,-�

2-4-2 Typical SPICE Parameters

!����������������� ��������������������������������������� $�������-+����/0!-+��

%��	���������7&����	�"���-+�����������8�8)��8�8(��8�88����	�8�87�����
���������������

�������	������������������	�������������������������������	��
����!���������������

������������������������������� !3/���	�������/0!-+����������������������������

��������
����������������������������������������������������'���������	������������


���������	��	����� ���69/0!�
��� �����������������
�������	�����,-���	����������

������������
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��������������	����������������� �����������������������������'�����	�������������

!234+�����������	�������
�����:88#8;<�

2-4-3 Noise Modeling

Diode Noise Model. �������������	��� ���� ���	��	���%-������8�(88���	�������8�8;&

�������������������������=����������������	������������������������������������������	

����������
���	�	�����������������
���������������������������������������������	������

��
�=

� (�� >���������������	�!234+���������	����
�������
����?-���-����	�-42���������	��

�������������%�������������������
������������������������������&�

� 8�� >����������	����	�����������������������������%������
����?-���	��-����������

����������&�

��������������������������	��	����������	�������������������������������������������	

������������$��������-������8�(88�����������������������$�����������������������6��∆�
���������	��	��%������
��������@�	���(��@&�����������������������������������������

���������������

〈iDn
2 〉 = 2qID ∆f + KF 

ID
AF

f FCP ∆f
%8�8AA&

�������������	
������
��������

� (�� !����������������
�������������������!5������������������@����������������������

��� ������� ���� ���������� ��� ���� ������� ������ ��� ��� �������	��
� ������������

	���������	�����������	��
����������������������������

Table 2-20 BFR193W BJT

3!�B�8�C7D+�#�(A  -�B�(8E 5-�B�)�FE7;(

G�-�B�8; 3?-�B�)�8AF;F 3!+�B�(�)A8C+�#�(;

5+�B�(�F7E  ,�B�(;�8AC 5,�B�(�;8DF

G�,�B�7�DC;8 3?,�B�)�)7CF8E 3!4�B�7�C;)F+�#�(C

54�B�)�F;7C( , �B�(E 3, �B�)�)))F(CA7

, /�B�(�D7AD ,+(�B�)�CAE7; ,48�B�)�((F7D

41+�B�(�(D8;+�#�(E G1+�B�)�C)8CA /1+�B�)�;DAE;

�-�B�(�DD8D+�#�(( H�-�B�)�AF;CC G�-�B�)�D

3�-�B�)�)))FADF7 2�-�B�) 414�B�F�7E)7+�#�(7

G14�B�(�(D8D /14�B�)�7)))8 H414�B�)�)E7EA7

�,�B�(�))7C+�#�)F G1!�B�)�CE /1!�B�)

H� �B�) +"�B�(�(( H�3�B�7

-44�B�)�C8)A7 6 �B�)�EC+�#�F 64�B�)�))+�#�F

6+�B�)�;7+�#�F 4 42�B�)�()(+�#�(8 44+2�B�)�(CE+�#�(8

4 +2�B�)�)A(+�#�(8 G4/H�B�()�G
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Table 2.22 GaAs MESFET

39!!�B�)�()CC+I)) G2)�B�#)�(D))+I)( "�/��B�#)�EC;(+�)( +�B�)�(8F)+I)(

?+�B�#)�((EE+�)( !6�B�)�(AE8+I)) ?"�B�#)�(CD8+I)) ��B�)�))))+I))

!!�B�#)�(8)D+I)( 3")�B�)�8(7)+�(( �-�"�B�)�8C;)+I)8 3 )�B�)�EAD)+�)F

�-� �B�)�(D8A+I)( G 4�B�)�F)))+I)( ,()�B�)�D7D8+I)( ?,�B�)�A7EF+I))

4()�B�)�EFA;+�(8 ?(�B�)�(8FA+I)( 4(!�B�)�))))+I)) 4-)�B�)�A(()+�(7

?-�B�)�FCCE+I)) ,"�B�)�(FFA+I)( ,9�B�)�(8FA+I)( ,!�B�)�(87;+I)(

49!�B�)�CDE8+�(7 49!9�B�)�()))+�)C ,9!9�B�)�(ED(+I)7 4"+�B�)�(A)F+�(8

49+�B�)�DAC;+�(7 G9/H�B�D

Table 2.23 The 1 µm × 750 µm level 3 LDMOS FET

4 9�B�)�DA7+�(8 4"9)�B�(AA+�(8 4"!)�B�8;A+�(8 "�/��B�)�8((

3!�B�A�E7+�(A ?�2��B�)�D)F /1�B�)�E7A 5!> �B�(+I(E

2 �B�)�C( 2 !��B�)�C( 2�3�B�)�ECF ,9�B�7F

,!�B�)�( ��+��B�)�EDD �0H�B�;+�D >)�B�D7E

G/�H�B�7�7D+E G�)�B�8�CD HK4�B�)�;(

Figure 2-122 Equivalent noise circuit for a diode chip.

Table 2.24 Diode noise model keywords

?�
���	 9��������� >�� 9�����

�	 ,������	��������������������	������� ������

�� -����������������������� � )�)

��  �����'����������������������������	�� � (�)

��� -�������
��'����������������������������	�� � (�)

�� -���������������������������
 ���@
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�
����	��������	����
�������������������	���	������������������	���

� 7�� �������������������
���������	������������
��������������������������
�������

�����������������������������?-�������
�������������������������	��
�����������

���������	��	��������������	����

� ;�� �������������	��������������������	������������������������������������������

����������	��������	���

BJT Noise Model. �������������	����������"�����#2���� 1����	����������������

�����������=�������������	���������������������������������������	�����������
���	

	�����������������
���������������������������������������������	���������
�=

� (�� >���������������	�!234+���������	����
�������
����?-���-����	�-42���������	��

�������������%�������������������
������������������������������&�%����������8�8E&�

� 8�� >����������	����	�����������������������������%������
����?-���	��-����������

����������&�

��������	 �����	�
	������	����������������	������	�������	�	������������������������

���������������	�����������������?-���-����	�-42���������������������������������

!234+���������	���

� (�� !����������������
�������������������������	�������������������������������������

�������������������������������������������	��
��������������	���������	���

�������	��
����������������������������

� 8�� 3��������������?-������������	����@��������������������������������������	��
���

	��������	����
�������������������	���	������������������	���

�������
	  ����	�
	�� ����	������������ ��	������	�������	�	��� ����	����������

��������
��������������������������	����	����������������������������%������?-���	��-

���
�����������������&�

5���������� 1��5�����/�	��=

Table 2.25 BJT noise model keywords

?�
���	 9��������� >�� 9�����

�� ,������	�������������������������	������� ������

��� ,������	���������#��������������������	������� ���

���  ���#����������������������	�����6252�
�������
�������	����������	

���

��� 4�������#����������������������	�����525����252

���������������	����������	

���

�� -����������������������� � )�)

��  �����'����������������������������	�� � (�)

��� -�������
��'����������������������������	�� � (�)

�� -����������������������������
 ���@
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� (�� ?-���-����	�-4����������������	���������	����	����3�����
�����������������	�����

��������	��������������	��������������������������������������������������������

�����	���	����������������������������������������������������������	�	�������

�����������	����
����	��������������������	���

� 8�� �������������������
���������	������������������
���������������������������

��������������������������?-�������
�������������������������	��
�����������

������������������������������	����

� 7�� �������������	������������������	������������������������������������������

����������	��������	���

-������8�(87���������� 1����������	����6��∆�����������	��	��%������
��������@�	��
��(��@����	��	�&��������������������������	���	����������������	���������������������

��	���������������������������

〈ibn
2 〉 = 2qIB ∆f + KF 

I B
AF

f FCP ∆f %8�8AC&

〈icn
2 〉 = 2qIC ∆f %8�8AD&

〈iR
bb

2 〉 = 
4kT
Rbb

 ∆f %8�8AF&

Figure 2-123 BJT noise model (not showing extrinsic parasitics). Current sources with n are noise
sources.
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〈iR
e1

2 〉 = 
4kT
Re1

 ∆f %8�8C)&

〈iR
c2

2 〉 = 
4kT
Rc2

 ∆f %8�8C(&

IB = 
Ibf

BF
 + Ile

%8�8C8&

IC = Icf − Icr %8�8C7&

JFET and MESFET Noise Models. �������������	��� ���� ���-+�������������� ��

�����������=����������������	�����������������������������������������������
���������

���-+����	��=

� (�� >���������������	�!234+���������	����
�������
����?-���-����	�-42���������	��

��������� ���� %������ 8�8A&� �� 	�������� ��� �������� ������ %���� ������ ��� ������


���������� �������� �����������&������ ����������������������������
�������	

���������!234+���������

� 8�� >����� �����	����	��� �������� ������ ������������ ������� �� ���������� ��� ���9���

������%������
����?-���	��-���������������������&���	�������
�����������������

����������:������Γ���%������	����	������&����	���<����������������������

��������	 ����	�
	����� ��������!�� ��	��"������0�����(�������������������	

����������������?-���-����	�-42����������������������������������!234+���������	���

����	�������������	��������������

〈|Idn|
2〉 = 4KBT 

2gm

3
 ∆f + KF 

|ID|AF

f FCP  ∆f
%8�8C;&

Table 2.26 FET noise model keywords

?�
���	 9��������� >�� 9�����

�� 5�����	����������������������
 ���@ (�)�"�@

��� ,������	����#���������������������	������� ���

�	� ,������	�	����#���������������������	������� ���

���� ,������	�������������������������	 ���-5

��� ,������	�������	���������������������������
�������������-5

��� ,������	��������������������������������
�������������-5

�� ,������	��������@�	�������������������-5

�� -����������������������� � )�)

��  �����'����������������������������	�� � (�)

��� -�������
��'����������������������������	�� � (�)

�� -����������������������������
 ���@
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	����� �������� �������� ���� ��	� ��������
� ������������ �� ��������
�� ���� �-� ��	� -42

���������������������������������	����	���������������	���������
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�����������

������������������������������	����
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����������	��������	���

5����������/+!-+��������	���	��
�����������������������	�������������������������
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��� �����.�� !�����	�� 9������ +���������� ���	���� ���� ���������� ����
� ������� ��� ��
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���������� ������ ������� �������	� ������� ��� ���#������� ��������� ��	� ���� ������� ��
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〈|Ign|
2〉 = 4KBT ∆f 

ω2Cgs
2

gm
 R

%8�8CE&

〈|Ign|
2〉 = 4KBT ∆f gmP %8�8CA&
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〈IgnIdn
∗ 〉 = 4KBT ∆f jωCgs √PR C %8�8CC&

�������������������'������������������������������

Cdc(ω) = 
2
π

 KBT dω










ω2Cgs
2

gm
 R

jωCgs√PR C

 
−jωCgs√PR  C

gmP











%8�8CD&
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2〉 = Q ∆f 
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|ID|AF

f C
FCP  = gmP

%8�8D)&
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�-4���	�������������������������$�����	�$��������������

����������
��������������#����	�!����	�������
�K�

/������������������-+����������	�����������������	����������������:8E#7(<�

Figure 2-124 Equivalent noise circuit of an intrinsic FET device.
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MOSFET Noise Model. � ����/0!-+�� ��������	��� %-������ 8�(8E� ��	������� 8�8C&

�������������������������=����������������	������������������������������������������	

����������
���	�	�����������������
������������3������������	������
�������
����!5�B

)�����������������������������������	���������
�=

� (�� >���������������	�!234+���������	����
�������
����?-���-����	�-42���������	��

�������������%�������������������
������������������������������&�

Figure 2-125 Equivalent noise circuit of an intrinsic MOSFET device.
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8kTg m

3
 ∆f + KF 

I D
AF

f FCP ∆f

Table 2.27 MOSFET noise model keywords
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2 〉 = 4 
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〈iRbn
2 〉 = 4 

kT
Rb

 ∆f
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2-4-4 Scalable Device Models
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Test Setup. �������������������������������	���������������'������������	��=
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Figure 2-128 Flowchart of the parameter extraction process.

338  MODELS FOR ACTIVE DEVICES



F
ig

u
re

 2
-1

29
 

T
he

 S
co

ut
 u

se
r 

in
te

rfa
ce

.

339



F
ig

u
re

 2
-1

30
 

In
tr

in
si

c 
m

od
el

 a
nd

 c
om

pl
et

e 
ch

ip
/p

ac
ka

ge
 m

od
el

.

340



�'�����&������������
���	���������������������������	���������������������������������

����������������
�����������������	���������	����������������������������	���������������

������������	�����������������������
���������������������������������	�����

F = 1 + 
Rbb
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Rg
 + 

0.5(26 mV / IC)
Rg

(approximate equation at medium frequencies) %8�8D(&
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Z11 = Rs + Rg + Rgs + αgRch + jω(Lg + Ls) %8�8D8&

Z12 = Z21 = Rs + αRch + jωLs %8�8D7&

Z22 = Rs + Rd + 2αRch + jω(Ls + Ld) %8�8D;&

� " �
� �����$% �
����&����
'%���()*+(

Cb = − 
Im(Y12)

ω
%8�8DE&
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Cpg = 
Im(Y11)

ω
 − 2Cb

%8�8DA&

Cpd + Cds = 
Im(Y22)

ω
 − Cb

%8�8DC&

-��������������������
����������������'����������������������������	�	=

• 2����'�������������������	����	������������N�����'��������%��������((
• !�'��'��������������	�����������������=

 �����	����	��

�	�����	�	����	��

 ����������	��

�	�����	������	��

2�������	����������

9��	�����������@����

• 6����������������	����

2�������������������	����������

�������������������������

3�����	����������������@����

�������'���������������������������������������	���������������@�	�5+C()))�������

������������������
���	����	����������������������	�������������������������$�����-�����

Figure 2-131 Forward-biased gate FET model for cold-FET (VDS = 0, VGS 0) measurements. This
approach allows direct extraction of parasitic resistances and inductances.

Figure 2-132 Pinched-FET (VDS = 0, VGS VP) model. This approach allows direct extraction of parasitic
gate and drain capacitances.
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8�(77��������������	���������������	�	���+$���������������5+C()))��������������

��������������	���	����	���	�	���+$�������������������	��3�����������������������������

��������������������������������
��������������-�������8�(7;��������8�(7C�

����������	��������(�	 ��������������������������������	�	������������������������

������	�����������������������	������������������������
�������������������������������

��	������������������/��������	���

�����������������������$��������	�����-������8�(7D�����������������	�	���������

������	���������������������������	���������K�����,�
��������	�/��������	��������

������������������������������������	���
�������������������������������-������8�(7F

�����������	���+$�����������������������'���	���������������������������������������

�������	����������������������	����������������	��������4��������������	�����������	

�
� ��� ��	����	�/������ ��	��� %���������	� ��� !�����	�&� ��	� ���K���� ��	����� ���

	������������������������������������,-��������������������������
��������������������

	��������

������������������������������������������������������������������������������

/���������������-������8�(;)�����4��������������	���%-������8�(;(&����	�����0/���	��

%-������8�(;8&��3������	���	�����������	��������������������	�������	����	���������	������

�����������	���������������

!�����������	����������������������������,-�������������������������������������	=

• /�	����������������������������$�����	���������������

• /�	���������������������������������	������
�������	�

• ���������������������������	���	�������	�����	����	��������������������

A Case Study. �������������	
���������������	������0���?"-(A)D�������/+!-+��%)�E

µ�� ×� 8D� ��&�� -������� 8�(;7� ��	� 8�(;;� ����� ��� 	�� �+$� ������� ��	� �� ����������
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���������������������������������������	����������������	������������������


�����������

-������8�(;E����������	���+$����������������	��������������?"-(A)DO���������������

���������������������������������������	�������������������������-�������8�(;A���	

8�(;C������	��������������	�������������������	����������������
������������	�����

�����������������������������B�DE)�/�@��$���B�7�;�G����	�$���B�8�)8E�G�

2-4-5 Conclusions
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Dc errors
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(a)

(b)

Figure 2-140 NE71000, Materka model, % error contours for (a) dc I–V and (b) S parameters.
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(a)

(b)

Figure 2-141 NE71000, Curtice cubic model, % error contours for (a) dc I–V and (b) S parameters.
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(a)

(b)

Figure 2-142 NE71000, TOM model, % error contours for (a) dc I–V and (b) S parameters.
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������������������
��������4���������	�������	�����������'���������������D)*��������

�����������

Notes. �������������������������������	��������������������������������	����������

���	����������	������	�����������	�	����������
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������������ 
������� �����	��� ���� ��� �������� ����� ��� ����� ������� ��������
� ������� ��	

��������������������������������������������	������
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2-4-6 Device Libraries

������������������������	���������������	������������
��-�������8�(;D���	�8�(;F������

��
������	�������������	������������������
������������	���	���	���	�	����������������

������������'������	�����������
�����	����������������������������	����������������

����������
�	�������	����������������������������������������������
���������	���	��

����-+���

Physics-Based MESFET Modeling. �����������	�����
���������	���	�����������

-������8�(E)�����������������	�����������	���	�	���#$��3L0����������	����������������

���������3�	�������/ +�/+!-+��	�������	���	������������������������������������
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� ���� ��� ����� $��

	�������	��"��	��'������������������	�����������������������4������!����

2-4-7 A Novel Approach for Simulation at Low Voltage and Near Pinchoff
Voltage
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Figure 2-148 Page 1 of a nonlinear device library datasheet for the NE67300.
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Figure 2-149 Page 2 of a nonlinear device library datasheet for the NE67300.
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(a)

(b)

Figure 2-150 Comparison of measured data with PHYSFET and TOM models for an Alpha Industries
MBE MESFET (0.25 µm × 400 µm) at VGS = –1, VDS = 2.
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Figure 2-151 High-ID dc I–V curves for the Angelov FET model.
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Figure 2-152 Low-ID dc I–V curves for the Angelov FET model.
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Figure 2-153 High-ID dc I–V curves for the modified Materka FET model.
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Figure 2-154 Low-ID dc I–V curves for the modified Materka FET model.
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Figure 2-155 By putting two transistors in parallel, with the second one having no dc connection at the
drain, one can simulate a dynamic RDS quite well. Regardless of parameter values used for Q1, the
parameters listed are necessary to get an accurate RDS result.

Figure 2-156 Measured versus simulated RDS for the paralleled MESFET approach.
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2-4-8 Example: Improving the BFR193W Model
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Table 2.28. BFR193W transistor chip data: SPICE parameters (Gummel–Poon model,
Berkeley–SPICE 2G.6 syntax)

3! B )�8C7D ��  - B (8E N 5- B )�FE7;( N

G�- B 8; G 3?- B )�8AF;F � 3!+ B ()�A8C ��

5+ B (�F7E N  , B (;�8AC N 5, B (�;8DF N

G�, B 7�DC;8 G 3?, B )�)7CF8E � 3!4 B )�)7C;)F ��

54 B )�F;7C( N , B ( Ω 3, B )�F(CA7 ��

, / B (�D7AD Ω ,+ B )�CAE7; Ω ,4 B )�((F7D Ω
41+ B (�(D8; �- G1+ B )�C)8CA G /1+ B )�;DAE; N

�- B (D�D8D �� H�- B )�AF;CC N G�- B )�D G

3�- B )�FADF7 �� 2�- B ) 	�� 414 B F7E�)7 �-

G14 B (�(D8D G /14 B )�7)))8 N H414 B )�)E7EA7 N

�, B (�))7C �� 41! B ( �- G1! B )�CE G

/1! B ) N H� B ) N +" B (�( �G

H�3 B 7 N -4 B )�C8)A7 N �50/ B 7)) ?

All parameters are ready to use, no scaling is necessary. Extracted on behalf of SIEMENS Small Signal
Semiconductors by Institut für Mobil-und Satellitenfunktechnik (IMST).
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F = 1 + 
Rbb
�

Rg
 + 

0.5(26 mV / IC)
Rg

(approximate equation at medium frequencies) %8�8DD&
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1
50

 + 
2.6
100
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3

AMPLIFIER DESIGN
WITH BJTs AND FETs

3-1 PROPERTIES OF AMPLIFIERS

3-1-1 Introduction
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Figure 3-1 Definition of Class A, B, and C operation and resulting bias, including conduction angle (Θ,
to be discussed in Section 3-2-2). The transfer characteristic can be either quadratic or exponential. This
results in different distortion but does not change the basic operating mode.

Figure 3-2 Schematic of the X-band GaAs monolithic low-noise amplifier (Texas Instruments EG8021).
For reasons of linearity, all three stages operate in Class A.
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Figure 3-3 Photograph of the EG8021 monolithic amplifier chip. The area pictured is 0.09 inch by 0.12
inch in size.

Figure 3-4 Simulated Fmin, noise figure, S11, S21, and S22 responses for the three-stage GaAsFET
amplifier using the TI linear FET model. The values at 10 GHz are: Fmin, 2.20 dB; NF, 2.21 dB; S11, –36.8
dB; S21, 27.2 dB; and S22, –23.7 dB.
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Figure 3-5 Simulated Fmin, noise figure, S11, S21, and S22 responses for the three-stage GaAsFET
amplifier using the nonlinear FET model. The values at 10 GHz are: Fmin, 1.53 dB; NF, 1.65 dB; S11, –8.5
dB; S21, 20.3 dB; and S22, –15.9 dB.

Figure 3-6 Photo of the 1–20-GHz distributed amplifier.
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Figure 3-7 Simulated Fmin, NF, S11, S21, and S22 responses. At the center of the range, the following
numbers were found: Fmin, 4.80 dB; NF, 4.80 dB; S11, –32.8 dB; S21, 21.8 dB; and S11, –25.2 dB.
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Figure 3-8 A 6–18-GHz FET amplifier.

Figure 3-9 Frequency-dependent gain, matching, and noise performance of the amplifier shown in
Figure 3-8.
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Figure 3-10 Gmax, maximum stable gain (MSG), and K performance of the amplifier in Figure 3-8.
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aDefinition for Gmax: If k > 1, it is called Gma, and if k < 1, it is called Gms.

Figure 3-11 A two-stage, wideband feedback amplifier.
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Figure 3-12 Frequency-dependent gain, matching, and noise performance for the amplifier in Figure
3-11.

Figure 3-13 Frequency-dependent Gmax, K, maximum stable gain, and gain performance for the
amplifier in Figure 3-11.
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Figure 3-14 Combination of signal and noise voltages supplied to a complex termination.
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Figure 3-15 Graphical and mathematical explanations of the noise bandwidth from a comparison of
the Gaussian-shaped bandwidth to the rectangular filter response.
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Figure 3-16 Test setup to measure signal-to-noise ratio.
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Figure 3-17 Noisy linear two-ports: (a) general form, (b) admittance form, and (c) impedance form.
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Figure 3-18 Chain-matrix form of linear noisy two-ports.
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Figure 3-19 S-parameter form of linear noisy two-ports.
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Figure 3-20 Noise factor in high-frequency BJTs for f = 600 MHz: (a) as a function of Bg for Gg = constant
and (b) as a function of Gg for Bg = Bopt.

Figure 3-21 Cascaded noisy two-ports with the noise factors Fa and Fb and the gain figures Ga and Gb.
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Figure 3-22 Equivalent circuit of the transistor package.
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Table 3-2 Transformation matrix parameters
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�
 n22n12
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Table 3-2 (Continued)
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Figure 3-23 Noise parameters versus feedback for the AT-41435 silicon bipolar transistor: (a) Fmin
versus frequency and feedback; (b) rn versus frequency and feedback; (c) Γ0n versus frequency and
feedback.
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Figure 3-23 (Continued)
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Figure 3-24 Noise figure versus collector current, noise figure versus frequency, and source impedance
for minimum noise figure versus frequency for the Siemens BFP420 transistor.
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Table 3-3 BFP420 common-emitter noise parameters

� � � 
���
�

��
� Γ��
 	& �� 
�)Ω

3 U"(%
(3

-D C. �, -�,. -!����
���. -&����. -Ω. � -�,. -�,.

/�)�T�(�K��.��T����&

)�A )�A) ()�� )�(B 4%�) B�@ )�%@ %�)( ()�$

%�B %�)� %��( )�() B(�) E�@ )�%$ %�%% %��B

(�4 %�(� %$�) )�() %(4�) ��� )�%% %�$( %$��

$�) %�$B %(�% )�(( '%@��) ��) )�%) %�4B %%�E

4�) %��� %)�$ )�$$ '%�@�) ��� )�%% %�B$ A�%

��) %�@� B�E )�4� '%4(�) ��) )�%) (�() @�)

E�) (�() E�4 )��$ '%($�) %��) )�$) $�$) ��$

aInput matched for minimum noise figure, output for maximum gain.
bZS = ZL = 50 Ω.
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Figure 3-25 Typical noise figure circles and gain circles.
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Figure 3-26 Parallel combination of two-ports using y parameters.
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Cii∗
Cuu∗

 − 



Im 
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2

 + j Im 
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Cuu∗





-$�%)@.

F0 = 1 + 
Cui∗ + Cuu∗Y0n

∗

kT
-$�%)B.

Ru = Cuu∗ -$�%)A.

Figure 3-27 Noise figure measurement.
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Figure 3-28 Single-sideband (SSB) noise figure measurements using an external mixer.
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[F] = [A] [X] -$�%%@.
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3-1-4 Linearity
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DRn = 
(n − 1)(IPn(in) − MDS)

n
-$�%%A.

Figure 3-29 Amplifier linearity evaluation, including compression and two-tone IMD dynamic range.
P–1dB for a single-tone cannot be read directly from this graph because the values shown are the result
of two equal-power tones.
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Figure 3-31 CGY96 GaAs MMIC power amplifier.
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Table 3-5 CGY96 electrical characteristics
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Table 3-6 CGY94 electrical characteristics
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Figure 3-33 Schematic of the CGY94 GaAs MMIC power amplifier.

Figure 3-32 The CGY94 amplifier chip.
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Figure 3-34 Single-tone RF power sweep analysis of the FET amplifier.

Figure 3-35 VDS of the FET versus RF source power.
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Figure 3-36 Eye diagrams of the I channel for source powers of (a) 0 dBm and (b) 20 dBm.
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Figure 3-37 Spectrum of the modulation signal at the amplifier output. Source powers are 0 and 20
dBm.
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Figure 3-42 Time-domain magnitude of the complex modulation signal at source powers of 0 and 20
dBm.
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Figure 3-43 Adjacent-channel power ratio as function of RF source power.
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Figure 3-44 Eye diagrams for π/4-DQPSK at source powers of (a) 0 dBm and (b) 20 dBm. The distortion
and related intersymbol interference are clearly visible.
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3-1-5 AGC
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Figure 3-45 Constellation diagram for π/4-DQPSK at Port 2 and 0-dBm source power.

Figure 3-46 Spectrogram showing the characteristics of MSK, GMSK, and QPSK.
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Figure 3-49 Simulated frequency response of the Plessey SL610 wideband amplifier IC with AGC = 0 V.

Figure 3-50 Simulated gain reduction versus AGC of the Plessey SL610 wideband amplifier IC.
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Figure 3-51 Functional block diagram of the gain-controllable CGY121A GaAs MMIC. Gain control is
achieved by applying 0–3 V dc to the Vcon pin.
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Figure 3-52 CGY121A 900-MHz application circuit and parts list.
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Figure 3-53 CGY121A 1.9-GHz application circuit and parts list.
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Figure 3-54 CGY121A gain versus Vcontrol at 1.9 GHz.

Figure 3-55 BJT amplifier example.
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Figure 3-56 Wideband amplifier with active biasing. The 4.7-Ω resistors in the BFR193W emitter
compensate the circuit’s gain at low frequencies.

Figure 3-57 The Siemens BCR400 bias controller applied to a GaAsFET.
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3-2 AMPLIFIER GAIN, STABILITY, AND MATCHING

!��
���������
�������	�
��������������
������������
�������������������������
���


����� �� ������
���� -������������.� ��� ";5�2�
���� ������
���� -������������.�� ���� �	� ���

���������������
����
�������/����������
��
�������	�
�����������������������H
�
������
�

Figure 3-58 The Siemens BCR400 bias controller applied to a BJT.

Figure 3-59 The Siemens BCR400 bias controller applied to TR switching.
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3-2-1 Scattering Parameter Relationships
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b1 = s11a1 + s12a2 -$�%((.

b2 = s21a1 + s22a2 -$�%($.
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s11 = 
b1

a1
 = 

V1 / I1 − Z0

V1 / I1 + Z0

 = 
Z1 − Z0

Z1 + Z0

-$�%(4.

���

Figure 3-60 Fmin and NF for the amplifier in Figure 3-55, with and without emitter feedback, at 300 and
370 K.
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Table 3-9 BFP420 common-emitter S parametersa

� � � �%% �(% �%( �((

-D C. -!����
���. -&����. -!����
���. -&����. -!����
���. -&����. -!����
���. -&����.

/�)�T�(�K��.���T�()��&

� )�)% )�4�( � '(�$ $@�E( %@B�$ )�))%% A4�4 )�A�E ')�E

� )�% )�44@ '�(�% $E�$) %E4�@ )�))EB B(�� )�A4% '%(�4
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� (�) )�4)� %@$�� @�%B @)�B )�)EE4 �4�) )�((( 'B@�$

� $�) )�44E %4A�4 4�@@ �(�E )�)A4A 4@�% )�%$$ '%%%�$

� 4�) )��)% %$)�) $��( $E�B )�%()E $B�� )�%$$ '%�B��
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� )�% )�@BE '%%�E %4�AB %@%�B )�))A( B4�% )�AB( 'E��

� )�� )�@)( '���@ %(�BE %4)�% )�)$AB E(�B )�B�@ '(A�B

� %�) )��BA 'AA�% A�E$ %%(�E )�)E)$ 4E�� )�E4@ '4B�E
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� 4�) )��4A %4(�) (�B@ $B�� )�%%(% (��% )�()@ '%%)��
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Table 3-10 BFP420 noise parameters
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� Γ��
 	& �� 
�)Ω

3 "(%
(� 3

-D V. �, -�,. -!����
���. -&����. -Ω. � -�,. -�,.

/�)�T�(�K��.��T����&

)�A )�A) ()�� )�(B � � 4%�) � B�@ )�%@ %�)( ()�$

%�B %�)� %��( )�() � � B(�) � E�@ )�%$ %�%% %��B

(�4 %�(� %$�) )�() � %(4�) � ��� )�%% %�$( %$��

$�) %�$B %(�% )�(( '%@��) � ��) )�%) %�4B %%�E

4�) %��� %)�$ )�$$ '%�@�) � ��� )�%% %�B$ � A�%

��) %�@� � B�E )�4� '%4(�) � ��) )�%) (�() � @�)

E�) (�() � E�4 )��$ '%($�) %��) )�$) $�$) � ��$

aInput matched for minimum noise figure, output for maximum gain.
bZS = ZL = 50 Ω.

                   3-2 AMPLIFIER GAIN, STABILITY, AND MATCHING  443
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|s11|
2 = 

Power reflected from the network input
Power incident on the network input

-$�%(E.

|s21|
2 = 

Power delivered to a Z0 load
Power available from Z0 source

-$�%(@.

|s12|
2 = Reverse transducer power gain with Z0 load and source. -$�%(B.

Figure 3-61 S parameters characterize a network (a two-port is shown) in terms of incident waves (a1,
a2) and reflected waves (b1, b2). Figure 3-62 shows the flow graph for this network.

Figure 3-62 Flow graph for the network shown in Figure 3-61.
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|s22|
2 = 

Power reflected from the network output
Power incident on the network output

-$�%(A.
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s11
�  = s11 + 

s12s21ΓL

1 − s22ΓL

-$�%$).

��
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���	��
������		����
���
������
�����*"�

s22
�  = s22 + 

s12s21ΓS

1 − s11ΓS

-$�%$%.

K��
�����������
������
�����* �����*��

AV = 
V2

V1
 = 

s21(1 + ΓL)
(1 − s22ΓL)(1 + s11

� )
-$�%$(.

Power gain = 
Power delivered to load
Power input to network

 :

G = 
|s21|

2 (1 − |ΓL|2)
(1 − |s11|

2) + |ΓL|2 (|s22|
2 − |D|2) − 2 Re (ΓLN)

-$�%$$.

Available power gain = 
Power available from network
Power available from source

 :

GA = 
|s21|

2 (1 − |ΓS|
2)

(1 − |s22|
2) + |ΓS|

2 (|s11|
2 − |D|2) − 2 Re (ΓSM)

-$�%$4.

Transducer power gain = 
Power delivered to load

Power available from source
 :

GT = 
|s21|

2 (1 − |ΓS|
2)(1 − |ΓL|2)

|(1 − s11ΓS)(1 − s22ΓL) − s12s21ΓLΓS|
2 -$�%$�.

9����
�����
��������������������-�%(�T�).�

GTu = 
|s21|

2(1 − |ΓS|
2)(1 − |ΓL|2)

|1 − s11ΓS|
2|1 − s22ΓL|2

= G0G1G2 -$�%$E.

G0 = |s21|
2 -$�%$@.
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G1 = 
1 − |ΓS|

2

|1 − s11ΓS|
2 -$�%$B.

G2 = 
1 − |ΓL|2

|1 − s22ΓL|2
-$�%$A.
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Gu = 
|s21|

2

|(1 − |s11|
2)(1 − |s22|)

2|

= G0 G1 max G2 max -$�%4).

Gi max = 
1

1 − |sii|
2    i = 1, 2 -$�%4%.
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ri = 
gi|sii|

1 − |sii|
2(1 − gi)

-$�%4(.
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ρi = 
√1 − gi (1 − |sii|

2)
1 − |sii|

2(1 − gi)
-$�%4$.

� ��������T�%��(����

gi = 
Gi

Gi max
 = Gi(1 − |sii|

2) -$�%44.
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u = 
|s11s22s12s21|

|(1 − |s11|
2)(1 − |s22|

2)|
-$�%4�.
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1
(1 + u2)

 < 
GT

GTu
 < 

1
(1 − u2)
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a.  |s11| < 1, |s22| < 1 -$�%4@.
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b.  




|s12s21| − |M∗|

|s11|
2 − |D|2




 > 1 -$�%4B.

c.  




|s12s21| − |N∗|

|s22|
2 − |D|2




 > 1 -$�%4A.

�����

D = s11s22 − s12s21
-$�%�).

M = s11 − Ds22
∗ -$�%�%.

N = s22 − Ds11
∗ -$�%�(.
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K > 1 -$�%�$.

K = 
1 + |D|2 − |s11|

2 − |s22|
2

2|s12s21|
-$�%�4.

"��������������	��������
���������
�

ΓmS = M∗ 




B1 ± √B1
2 − 4|M|2

2|M|2




-$�%��.

ΓmL = N∗ 




B2 ± √B2
2 − 4|N|2

2|N|2




-$�%�E.

�����

B1 = 1 + |s11|
2 − |s22|

2 − |D|2 -$�%�@.

B2 = 1 + |s22|
2 − |s11|

2 − |D|2 -$�%�B.
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GA max = 




s21

s12
 (K ± √K2 − 1)





-$�%�A.

5����������������4����������"�6�����������������9���������$��������1����3�������

K > 1

|S12S21| < 1 − |S11|
2

���

|S12S21| < 1 − |S22|
2
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3-2-2 Low-Noise Amplifiers
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Fundamental ic1 = ipeak ⋅ f1(Θ) '"�$9%(

Second harmonic  ic2 = ipeak ⋅ f2(Θ) '"�$9$(
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Figure 3-63 Definitions of Class A, B, and C operation, including conduction angle (Θ). Figure 3-64
shows the determination of Θ.

Figure 3-64 Determination of the conduction angle Θ from the base threshold voltage Vbe and the base
RF voltage v̂be.
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Figure 3-65 Function values for the fundamental, second harmonic, third harmonic, and dc compo-
nents (f1, f2, f3, and Ψ, respectively) versus device conduction angle.
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Figure 3-66 Simplified amplifier design procedure.
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Figure 3-68 Display from the interactive Smith Tool, showing circles for gain, noise figure, and source-
and load-plane stability, as well as a sweep of S11 versus frequency. In synthesizing an input matching
circuit, we choose a single working frequency and work from the chart’s origin to the point of tangency
between the gain and noise figure circles. See Figure 3-69.
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Figure 3-69 Input matching-network extraction, assuming lossless matching components and no
parasitic effects.

Figure 3-70 Output matching-network extraction.
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Figure 3-71 Frequency-dependent gain, matching, and noise performance of the circuit in Figure 3-67.

Figure 3-72 Optimized performance of input/output reflection, gain, and noise figure.
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Figure 3-73 High-resolution display of gain as a function of frequency.

Figure 3-74 Simulated fundamental and third-order IMD outputs of the NE68133 amplifier.
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Figure 3-75 Output constellation at –40-dBm input.

Figure 3-76 Output constellation at 10-dBm input.
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Figure 3-77 Comparison of K, Gmax, and maximum stable gain (MSG) for the NE68133 and BPF420
BJTs.
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Figure 3-78 BFP420 amplifier with resistive voltage feedback from collector to base.

Figure 3-79 Frequency-dependent gain, matching, and noise performance of the BFP420 feedback
amplifier.
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Figure 3-81 Frequency-dependent gain, matching, and noise performance of the narrowband BFP420
amplifier.
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Figure 3-83 Input filter using distributed-element resonators and matching.

Figure 3-82 Comparison of filter responses with critical coupling (0.08-pF response) and overcoupling
(0.12-pF response).
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Figure 3-84 Gain versus frequency response for the distributed-element filter.
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Figure 3-86 Frequency-dependent gain, matching, and noise responses for the GaAsFET amplifier.
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Figure 3-87 Frequency-dependent gain, matching, and noise performance for the GaAsFET amplifier
of Figure 3-85 rebiased for a drain current of 33 mA.
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Figure 3-88 The dc I–V curves for the GaAsFET operating at ID = 33 mA, including the ac load line.
The load line is an ellipse rather than a straight line for the reason described in the text.
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Figure 3-89 Determination of the third-order intercept point based on a two-tone measurement using
tones spaced at 5% of the operating frequency (1.8 GHz).

Figure 3-90 Simulated three-tone analysis of the GaAsFET amplifier with ID = 33 mA.
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Figure 3-91 A high-linearity single-transistor amplifier modeled in great detail.
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Figure 3-92 Simulated frequency-dependent gain, matching, and noise figure performance of the
circuit in Figure 3-91.

Figure 3-93 Simulated three-tone output spectrum of the amplifier in Figure 3-91.
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Figure 3-95 Frequency-dependent gain, matching, and noise performance of the amplifier in Figure 3-94.

Figure 3-96 Simulation schematic for the MGA64135 MMIC amplifier. Q1 runs at 17.4 mA; Q2 at 32.2 mA.
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Figure 3-97 Frequency-dependent gain, matching, and noise figure performance for the MGA64135
MMIC amplifier.

Figure 3-98 Simulated two-tone testing of the MGA64135 MMIC amplifier. IP3,in = 8.5 dBm and
IP3,out = 22 dBm.
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3-2-4 Low-Voltage Open-Collector Design [22–25]*
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Figure 3-99 Simulated three-tone test of the MGA64135 MMIC. The test tones were 1.80 GHz (–21
dBm), 1.85 GHz (–27 dBm), and 1.90 GHz (–27 dBm). The 1.75-GHz IMD product is down 60.5 dB
relative to the 1.80-GHz signal.
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Figure 3-102 Load line and Q-point graph.

Figure 3-103 Graphical analysis for the circuitry in Figure 3-101.
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Figure 3-105 Graphical analysis for the circuitry in Figure 3-104. The ac load line intersects the Q point,
and the slope is steeper than the dc load line due to RLOAD, which makes VCE smaller.
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Figure 3-107 Graphical analysis for the circuitry in Figure 3-106.
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Figure 3-111 Graphical analysis for the circuitry in Figure 3-110.
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Figure 3-113 Flexible matching circuit.

Figure 3-112 Comparison of open-collector RLOAD circuit with inductor versus without inductor.
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Figure 3-115 Converting from series to parallel configuration. Goal: Find LC and Cp such that Rp looks
like the RLOAD value at the resonant frequency.

Figure 3-114 Converting from series to parallel configuration.
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Figure 3-117 Single-stage amplifier with voltage feedback (provided by RF).

Figure 3-116 Single-stage amplifier with current feedback (provided by Re).
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Figure 3-119 Practical amplifier circuit showing voltage and current feedback, and illustrating how
reactances (in this case, 500-pF bypass capacitors) and multiple resistors can be used to provide different
ac and dc resistances for the paths from collector to base and emitter to ground.

Figure 3-118 Single-stage amplifier with voltage and current feedback.
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Figure 3-120 Frequency-dependent gain, matching, and noise performance of the circuit in Figure
3-119.
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Figure 3-121 Elements of a feedback amplifier.
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Figure 3-122 Broadband matching example showing the Bode limit.
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Figure 3-123 Two-stage amplifier with voltage feedback.
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Figure 3-124 Implementation of the circuit in Figure 3-123.

Figure 3-125 Frequency-dependent gain, matching, and noise performance of the circuit in Figure
3-124.
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Figure 3-126 Two-stage amplifier with voltage feedback from Stage 2 to Stage 1, and current feedback
in both stages.

Figure 3-127 Simulated two-stage amplifier with feedback as shown in Figure 3-126.
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Figure 3-128 Gain, matching, and noise performance of the amplifier in Figure 3-127.
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Figure 3-129 Schematic of the cascode amplifier.

                   3-4 TWO-STAGE AMPLIFIERS  501



��
������	����	��������
���	
�	����������
���������
�����������������������	�	��������!����


"�$""��������	���
��
�����

��
�����������������������	
������
����!����
�"�$">����
�
��	

�������
�	
�����11��������
����
��
���
	6����	��������
	�������
����	
�	����������
���������

A��
�����������
�	����
���
����
�	�������������	������
����
�	����
�,���6���	�������


	��
�����	�	����������
�����������
�	���
��
��������
��
����������	�����
�������������

�
	�����������
������
����	������
��

����,	������
���
���
	����E��	�����	�	���	���
�����
��
�����
���
��
��������
�	�������

����������
�������
���
���
�������������,������
	����,�	
�
�����
��	������	��
	����
�������
��

�
��������E�����=1?@��F		
��������������
����
��	

�����!����
�"�$"5���	����!F���
�	������

!����
�"�$1?����
�����������������	�����������	�������
������������������������������������

���� ��� �������� ���� �������	����� ���� ��������� ���� ���
�������� ����� ��� ��������� ��


����	�	����R$��	���
�����������	���
����������	���
�����	�	����R1��	���������
���������
������

��
����
����R1��	�$3��P��������������
���
�����5%I1%%�Ω���

�����������
����	����

Table 3-11 MC13144 features

E�������C%%�0<���$?��D

4��	
������
����C%%�0<���$�>��D

NI$�D��I?�%��D�

)N"�����I5�%��D�

J����
�������	����������
�'$�:I9�%�#��(

N����������
����	������F����
�$�����F����
�1��=F����
�$�����F����
�1��������
����������
� ����������	
������
�����������		�����
�������4!��F����
������
���
�����
������
��
��������	
� �����������'�����$5����(@

Figure 3-130 Frequency-dependent gain, matching, and noise performance of the cascode amplifier.
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Figure 3-131 Schematic of the Motorola MC13144 cascode LNA.
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Figure 3-133 Schematic of the MSA-0375 MMIC amplifier.

Figure 3-134 Frequency-dependent gain, matching, and noise performance of the MSA-0735 MMIC
amplifier.
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Figure 3-135 Schematic of the dc-coupled GaAsFET amplifier.

Figure 3-136 Frequency-dependent gain, matching, and noise performance of the dc-coupled GaAs-
FET amplifier.
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3-5 AMPLIFIERS WITH THREE OR MORE STAGES
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Table 3-12 NEC UPC2749 electrical characteristics
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Figure 3-137 Circuit of the UPC2749 MMIC. The component values were not supplied by the
manufacturer.
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Figure 3-138 Simulated gain, matching, and noise performance of the NEC UP2749 MMIC.

Figure 3-139 Schematic of the Philips NE/SA5204A amplifier IC entered for simulation.
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Table 3-13 UPC2710 electrical specifications
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Figure 3-140 Manufacturer-supplied gain versus frequency for the NEC UPC2710T MMIC.
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Figure 3-141 Schematic of the UPC2710T silicon MMIC entered for simulation.

Figure 3-142 Simulated gain, match, and noise performance of the UPC2710T.

                   3-5 AMPLIFIERS WITH THREE OR MORE STAGES  511



�
����
������	�������
�������
���	
����	���	��
������
�����
����
�����������������
��������


�
�
��	����������������	���������D
���	
�������	���
������
���
�)���
	����
�
�����
��	���


��
�����������
����	����	
������
�������	�	�
���������
���	�������������������
�
������������

���	�

3-5-1 Stability of Multistage Amplifiers
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Figure 3-143 Simulated gain, match, and noise performance of the NE5204A IC.
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3-6 A NOVEL APPROACH TO VOLTAGE-CONTROLLED TUNED FILTERS
INCLUDING CAD VALIDATION [28]
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3-6-1 Diode Performance
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Figure 3-144 Voltage-dependent change of capacitance of different types of diodes. The BB141 is a
hyperabrupt-junction diode with n = 0.75.
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Figure 3-145 Various configurations to apply tuning diodes in a tuned circuit. The bottom version shows
the lowest distortion.
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Figure 3-146 Double-tuned filter at 161 MHz using hyperabrupt-junction tuning diodes. By using several
parallel diodes, the IMD performance improves.

Figure 3-147 Frequency response of the tuned filter shown in Figure 3-146. The circuit is undercoupled
(less than transitional coupling); Q × k < 1.



3-6-3 An HF/VHF Voltage-Controlled Filter

��
�����
�
����
��	
����	�
������
���
�������������
��������������
���������������

���������
�����	��
����������	������
����
�����	���������6����
�
��������
��
	��
	���

�����
� ��� ����� �� 	
��
	����
�� ������
�
���� ��� ��	� ��� �
� ���
� ����� �� ����	����
��� ��


����
�	������ ���������	� ��� ��
� ��
��
���� ����
� ����� $%� ��� "%� 0<�� ��� �� �
������ ��

����
�	��
�����
������
�
������
�����������������	
���������
����������	�����#<!��
�������

��
������
��
������������
����
����	������������
�����	����
��	�����	������
�������
������


�����
�������F����
	����	������	���
����������	��������
���������
�������	�����	�0������

4
��T��,��0�������������������A���!�����	������
�
���
�������	�����	�����������
�
��
��


��������
��������������	������������
�	�

D������	���������
����������������������
����
�����
�������
�
����������������	���
����

������������
���������
������������
�	��
����������������	����������	
��
	�����
����	�

��
�����
�+	�����
�	������
��������
���	�	������������������
�����
������������
	����������

$15�!����$�#���
��������)��������
	�	������������	
�����������������
�����
��	�����	���


DD$$1���
	���
��������������
��)0*�������	����
�D$$1���	���$�#����������
����>?%�!

��������������1%�!����:�#��A������������
	�	����������"%�!����$�#������
���
�����
	��	
����

��
�
�
���
���������$15�!����������
����$�#����
	
�
�
���
���������
	��
�
����
���������


��������
���,���������������
���������	�
�����������!����
�"�$>C�	���	���
�����������������

��	�
����������	����
������
	���
����
�����������������	����
���
����
����$1�5�Ω����

���������	�	���
����������
�
���
�����%�:�µ<���������	�����1�×�5�����
	������
��������

�����������
����������	�����	����
�����,������5%�Ω����
��������������
��	�	���
�������
�
������ ����
�
�� ������
�
���� ���	� �������� ��	� ��������� �

�� ���
�
��
�� ���  ���
� U

A���������
���	��
������
�
��
����
������
���������

�������
��
����������������M1%

�D�����
�	
�
����������� ��
	
��������	� �	�����
� �
�	�����
�������	���� ���
��
�� ��� �
���


Figure 3-148 Prediction of intercept point of the double-tuned circuit shown in Figure 3-146. Note the
compression of both the input signal and the IMD product.
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Figure 3-149 High dynamic range of a 10–20-MHz filter.



Figure 3-150 Frequency response of the filter shown in Figure 3-149. Filters of this type are intended
to reduce second-order IMD by providing about 20-dB suppression at half the center frequency.

Figure 3-151 Prediction of third-order intercept point of the filter shown in Figure 3-149. The reason
for the curves on the IMD plot lies in the interaction between the ten nonlinear devices.
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3-6-4 Improving the VHF Filter
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Figure 3-152 The frequency response of the improved circuit derived from Figure 3-146.
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Figure 3-153 Predicted IMD performance of the improved version of the circuit shown in Figure 3-146.
This type of improvement is significant for all applications. A patent is in the process of being obtained
for this; therefore, the circuit cannot be disclosed at present.
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Figure 3-154 The differential amplifier schematic. The transistors are Siemens BFP420s. Figure 3-155
shows the circuit’s frequency-dependent gain, matching, and noise performance.

Figure 3-155 Frequency-dependent gain, matching, and noise performance of the differential amplifier.
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Figure 3-156 VCE versus time for output transistor Q2 with a drive of 10 dBm.
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Figure 3-157 Output spectrum of the differential amplifier with a drive of 10 dBm. The biasing is not
optimal for frequency multiplication.

Figure 3-158 The dc I–V curves and ac load line for output transistor Q2 with a drive of 10 dBm.
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Figure 3-160 Large-signal MS11 for the BJT doubler. Note the positive region above 800 MHz.

Figure 3-161 A 6.5-turn spiral inductor in silicon.
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Figure 3-162 Cross section of the silicon inductor.

Figure 3-163 Measured and simulated Q versus frequency for the simulated inductor.
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Figure 3-164 Q versus frequency for Motorola improved inductor.

Figure 3-165 Frequency-dependent gain of the BJT doubler.
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Figure 3-166 Output spectrum of the BJT doubler.

Figure 3-167 The dc I–V curves and ac load line for RF transistor Q1 in the BJT frequency doubler.
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3-9 MULTISTAGE AMPLIFIERS WITH AUTOMATIC GAIN CONTROL (AGC)
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Figure 3-168 Schematic of the Motorola MC1350/1490 entered for simulation.
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Figure 3-169 MC1350/1490 30-MHz application circuit.

Figure 3-170 Frequency-dependent gain, matching, and noise performance of the MC1350/1490 in
the circuit of Figure 3-169.
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Figure 3-171 Gain reduction versus applied AGC voltage for the MC1350/1490 IC.

534  AMPLIFIER DESIGN WITH BJTs AND FETs



Figure 3-173 Simple BJT RF amplifier with distributed elements used for bypassing and dc blocking,
and for base bias and collector supply feeds.

Figure 3-172 Simple BJT RF amplifier with lumped elements used for bypassing and dc blocking, and
for base bias and collector supply feeds.
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Figure 3-174 Transmission line in microstrip.

Figure 3-175 Mitered bend.
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Figure 3-176 Radial bend.

Figure 3-177 T junction.

Figure 3-178 Cross.
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Figure 3-179 Y junction.

Figure 3-180 Rectangular inductor.

Figure 3-181 Spiral inductor.
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Figure 3-182 Transformer in microstrip.

Figure 3-183 Four-strip Lange coupler.
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Figure 3-184 Multiple coupled lines element in microstrip.

Figure 3-185 Interdigital capacitor.
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Figure 3-186 Radial stub.

Figure 3-187 Via hole.
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Figure 3-188 The STEP element tells the simulator to calculate the effects of joining transmission lines
of differing characteristics.

Figure 3-189 The OPEN element tells the simulator to calculate the effects of leaving the end of a
transmission line unconnected.
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3-10-1 RF Biasing

�$$������
�	�2����	��	��	����	�/��
�������	������
����
����
	��	�		�
���(����	�)%*+�

����������	���
�	5���	��
	�����	����������
�	���������	�		�
�"�:���	��
����������
	�


��
��
�	���$�	�4(����	���
���������	��
��
	�����	��������
����
�$	�����	�
�������	�	�����

�
�����	����	��	���	�"��������
���
��������
�	�	�		�
���	����	�/��
��	�����	����	���	�����


�	����	���
�����	��
�	���	�
�������
�	���
��������������"

3-10-2 dc Biasing
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Figure 3-190 Simple BJT RF amplifier with distributed elements used for bypassing and dc blocking,
and for base bias and collector supply feeds.
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Figure 3-191 A dc biasing example.
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Figure 3-192 An RF amplifier with active biasing. (After the low-noise amplifier circuit in [29].)

Figure 3-193 Frequency-dependent gain, matching, and noise responses for the amplifier in Figure 3-192.
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Figure 3-194 The Siemens BCR400 active bias controller can be applied to FETs as well as BJTs.

Figure 3-195 Amplifier stage (IC = 3 mA) showing active and passive bias alternatives.
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3-10-3 dc Biasing of IC-Type Amplifiers

7����
	���
	��������
����	������
����	�
�	������
	����	5�����
���	�����	��	����	�"�#�����	���
�

��	��	�
��� ��� ����
��
%����	�
� �����	�� ��� 
������
���� �	���� ��	�� ��� ����	�� ���� �������

$��$��	�"�=�������
����$���������
��
�
�������������
������	�����
��������	����
�	�7�8�(����	

)%*+����������
	�
�	5�$�	"

������$	�
	������������
�	���	������$���
����)����
�	�����	������	���������
��	��������

���
	�����
�����	��
����
�	�$�����	���	��������������(����	�)%*+6"

3-11 PUSH–PULL/PARALLEL AMPLIFIERS
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Figure 3-196 Frequency-dependent noise figure of the amplifier circuit shown in Figure 3-195. The
active biasing curve is considerably noisier.
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Figure 3-197 Combining power with 3-dB hybrid couplers.

Figure 3-199 3-dB hybrids. This analysis method may be applied to any coupler.

Figure 3-198 Four-strip version of the Lange coupler, a broadband 90° hybrid.
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Figure 3-200 Wilkinson divider/combiners.
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Figure 3-201 Push–pull amplifiers.
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3-12-1 Example 1: 7-W Class C BJT Amplifier for 1.6 GHz
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cos Θ = 
VBE

vBE

 = 
0.65
1.14

 = 0.57

cos 0.57 = 55°

Figure 3-202 Output current as a function of drive voltage, taking into consideration the knee voltage
of the base–emitter pn junction. The output is a series of current pulses with a duty cycle determined by
the conduction angle.
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PT = Pin(dc) – Pout + Pdrive

PT = (28 × 0.315) – 6.75 + 0.7 = 2.77
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Figure 3-203 Input matching network for the amplifier used in this tutorial.

Figure 3-204 Frequency response of the input matching network.
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Figure 3-205 Output matching network for the amplifier.

Figure 3-206 Frequency response of the output matching network.
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Figure 3-208 Overall frequency response of our experimental amplifier. Input and output matching,
and gain, are shown as a function of frequency.

Figure 3-209 Close-in display of the frequency-dependent gain.
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Figure 3-210 The dc I–V curves assuming a perfect resistive load. No RF saturation voltage or other
RF saturation effects are evident.

Figure 3-211 Load line with the output transformer replaced with a real matching circuit.
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Figure 3-212 Output current as a function of time. The duty cycle is determined by the device conduction
angle.

Figure 3-213 Power output at the collector prior to any filtering, assuming a real output termination.
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Figure 3-214 Available output power in watts, prior to any filtering, assuming a real output termination.

Figure 3-215 The output spectrum after replacing the transformer with a simple pi output network.
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Figure 3-216 Output voltage at the collector. The voltage is asymmetrical compared to 0; this is
important in the selection of a device capable of handling these voltages.

Figure 3-217 Output power versus input power for the Class C amplifier. Until the transistor turns on
(at a drive level of about 8.5 dBm), only fedthrough power appears at the output.
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Figure 3-218 Amplifier gain as a function of drive. It is evident that one needs to cross the 0.65-V point
for the transistor to become conductive and show gain. The initial amplification as a function of drive
shows a very steep curve that then levels off and drops as the amplifier moves into saturation.
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Figure 3-219 Comparison of FET drain current characteristics obtained from (a) pulsed I–V and (b)
rectified sine-wave evaluation. The rectified sine-wave curves can be considered equivalent to curves
obtained at dc.
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Figure 3-220 Input impedance of RF power transistors as a function of frequency.

Figure 3-221 Equivalent circuit for the input impedance. RE is the emitter diffusion resistance; CDE and
CTE are the diffusion and transition capacitances, respectively, of the emitter junction; RBB′ is the
base-spreading resistance; CC is the package capacitance; and LS is the base lead inductance.
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Figure 3-222 Output capacitance COUT as a function of frequency.
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Figure 3-223 Two-reactance matching network.

Figure 3-224 Normalized frequency response for the L section in low-pass or high-pass form.
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Figure 3-225 Termination reactance compensation.
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XL1 = R1Q Q must be selected first �)%-�6!

XL2 = R2B �)%-�?!

A = R1(1 + Q2) �)%-�G!

Figure 3-226 Use of a transmission line in the L section.
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XC1 = 
A

Q + B �)%-�+!

B = √A
R2

 − 1 �)%-*�!

��������	�

XL1 = QR1 Q must be selected first �)%-**!

XC2 = AR2 �)%-*-!

Figure 3-227 Bandwidth of the L section for n = 10 (a) with lumped constants and (b) with transmission
line (λ/4).
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A = √R1(1 + Q2)
R2

 − 1 �)%-*)!

XC1 = B
Q − A

�)%-*C!

B = R1(1 + Q2) �)%-*�!
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Figure 3-228 Three-reactance matching networks.
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Figure 3-229 Z-plane representation of the circuit of Figure 3-228a.
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Figure 3-230 Y-plane representation of the circuit of Figure 3-228c.
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Figure 3-231 Four-reactance networks.
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Figure 3-232 Transformation paths for networks (a) and (b).
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Figure 3-233 Selectivity curves for networks (a) and (b) of Figure 3-232.

Figure 3-234 Selectivity curves for networks (a) and (b) of Figure 3-232 with infinite R1.

                   3-12 POWER AMPLIFIERS  577



��#��7@A�@9#:=4R;�J;7@A�,J�4#94%:�K9�#4�@;(=4�94;" �
� �������	�
��� ����� ��	��	���	��

��	�	�λFC%��������	�����$���
������� 	������	��	��� 	�������������
��������
���������	�����

�	�����$����	�����
�	���	������	������	�λFC��	�
����"�(����	�)%-)?������ 	��
�	����

�	��
�����������!���	%�	�
����������!�
��%�	�
����
��������
����"�����$	���
�����	
���2

���� �	� �	��� 	�� ������ �� λF-%����� 
����������� ���	"� (����	�� )%-)G� ���� )%-)+� ����� 
�	

�	�	�
���
������	����������	�	�
�
��������
������
���������	�
�������	��"

9UB=@9@#7�I�I7@9;" 95$��	�
���� ���	�� ���	� ����	��� ��	��	���%���	$	��	�
� 
��������
���

$��$	�
�	�"�#�	�������
	���
����$	����	������������	������	��	5$��	�
��������
��
�	����	��
���>

Z = Z0e
kl �)%--)!

��	�	�/����������
��
����
�
�	�	�$��$	�
�	����	�$�	�	��	����������/��������"

�4=�3��@3���#��7@A�J;7@A���@3B�;;�(7I#94�@9#:=4R;1�7A�%����;9" #�	�����	�������
����	

�$$������	� 
�� �	���	�� ������� ���� ��$�
� ��� ��
$�
���� ��� �����������
������ ��� �	����	�"

A	�	����������
�	��$	����	��
���	��
��	�������	��	$�	�	�
	����������
���	��������	���
����

����	��	����
����������
��������	
�	������$���
����!���
����
�	�����������
	�	�
������������

�������	�
��������
�	���

	�������	������$���
	����
��
�	�����
������
������
�	��
�������	
���2"

#���������������������
�	��	$�	�	�
�
����������
�����������
�������
����������	���
��������

�	��
���	"

B���
��������
��������	�����	�����������	���������*����-"�(�������	��������	�����������$�


�$	����	��������
����������	��	�����$�����	���	�����
�������
���		�(����	�)%--*!������
��$$	���


���	���������	��������
����������	�	�
�
�	�
	�
���
��	�������	�"

I	
���� ����
� �	����� 
��
�����������������	�N)?O�����(����N)GO�� ���
�
�����	5��
���� 
�	

�$	����	��
�������������$�	5� ����"� 7�� 
�	�	5�$�	����(����	�)%-C��� 
�	� ����� 
���	

�
��	��������
���������$���
������������	���
������������
"

Figure 3-235 Compensation networks used with an L section.
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Figure 3-236 Y-plane representation of the circuit of Figure 3-235a.

Figure 3-237 Transformation networks using λ/4-long transmission lines.
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Figure 3-238 Selectivity curves for two λ/4-section networks at different transformation ratios.

Figure 3-239 Selectivity curves for one, two, and three λ/4 sections.
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Figure 3-240 General matching conditions.

Figure 3-241 Representation of the Bode equation.
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Figure 3-242 Attenuation versus angular frequency for different bandwidths with the same load.

Figure 3-243 Insertion losses as a function of 1/Q.
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Figure 3-244 Conversion from low-pass filter into bandpass filter.
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Figure 3-245 Impedance inverters.
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3-12-3 Example 2: Low-Noise Amplifier Using Distributed Elements
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Figure 3-247 Input and output matches for 13.47 dB of gain and NF = 1.91 dB as displayed by the
interactive Smith Tool.

Figure 3-246 Roll-off compensation network.
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Figure 3-248 A 2.4-GHz amplifier using a BFP450 transistor and lumped-element input and output
matching.
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Figure 3-249 Frequency-dependent gain, matching, and noise characteristics of the matched
high-dynamic-range BFP450 2.4-GHz amplifier.

Figure 3-250 Distributed-element input and output matching for the 2.4-GHz BFP450 amplifier.
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Figure 3-251 Predicted frequency-dependent gain, matching, and noise performance for the BFP450
amplifier with distributed-element matching.
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3-12-4 Example 3: 1-W Amplifier Using the CLY15
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Figure 3-252 Predicted two-tone response of the BFP450 amplifier with the circuit adjusted for
maximum gain (9.5 dB): IP3,in ≈ 28.5 dBm and IP3,out ≈ 38 dBm. That this version’s gain is significantly
lower than that of the S-parameter-based equivalent illustrates the need for better accuracy in parameter
extraction.
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Figure 3-254 Frequency-dependent gain, matching, and noise performance for the BPF450 amplifier
at 432 MHz. As with the circuit in Figure 3-253, the input and output network values have been chosen
to achieve a low NF and good input matching at the expense of the output match.

Figure 3-255 Schematic of the BPF450 amplifier for 1296 MHz. A loading resistor is still necessary to
ensure stability, but because the transistor exhibits less gain at this frequency than at 432 MHz, we can
increase the loading resistor to 150 Ω.
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Figure 3-256 Frequency-dependent gain, matching, and noise responses of the BFP450 amplifier at
1296 MHz. As with the two previous versions, the input and output network values have been chosen to
achieve a low NF and good input matching at the expense of the output match.
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Figure 3-258 Input match for S11
∗  using lumped elements.

Figure 3-257 Output and power characteristics for the CLY15 medium-power GaAsFET.
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Figure 3-259 Output match for S22
∗  (1 W) using ideal lumped elements.

Figure 3-260 The complete amplifier using the CLY15 medium-power GaAsFET, with lumped-element
input and output matching.
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Figure 3-261 Frequency-dependent gain and matching responses of the CLY15 amplifier using ideal
lumped elements.
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Figure 3-262 Input match for S11
∗  (1 W) using distributed elements.

Figure 3-263 Output match for S22
∗  (1 W) using distributed elements.
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3-12-5 Example 4: 90-W Push–Pull BJT Amplifier at 430 MHz
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Figure 3-265 Frequency-dependent gain and matching using distributed, lossy elements.
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3-12-6 Quasiparallel Transistors for Improved Linearity
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Figure 3-267 Mechanical assembly of the 90-W amplifier shown in Figure 3-266.
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Figure 3-268 The quasiparallel amplifier topology looks like a standard parallel amplifier. Biasing the
devices to different operating points nets an improvement in IMD performance.
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3-12-8 Stability Analysis of a Power Amplifier
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Figure 3-269 Distribution amplifier showing the use of multiple Wilkinson power dividers.
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Figure 3-271 Frequency-dependent gain and matching characteristics of the amplifier. Although the
circuit is designed for 2.2-GHz operation, the periodic responses of its distributed-element-based input
and output matching networks result in a second gain peak near 5.1 GHz. As we shall see, however,
instabilities may result at frequencies that cannot be intuited from this graph.

Figure 3-272 K and B1 for the 2.2-GHz amplifier.
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Figure 3-273 Polar Nyquist plot for the 2.2-GHz amplifier covering 1 kHz to 20 GHz.
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Figure 3-275 Polar Nyquist plot of the unstable amplifier.

Figure 3-274 Magnitude and cumulative angle Nyquist plot for the 2.2-GHz amplifier covering 1 kHz
to 20 GHz.
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Figure 3-276 Magnitude–cumulative angle Nyquist plot of the unstable amplifier.
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Figure 3-277 Graph from Serenade Oscillator Design Aid analysis of the amplifier. A resonant
frequency is indicated where the imaginary part of the test current equals zero and the real part is
negative.

Figure 3-278 Predicted output spectrum of the unintended oscillator.
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Figure 3-279 Predicted phase noise of the oscillating amplifier.
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3-13 POWER AMPLIFIER DATASHEETS AND
MANUFACTURER-RECOMMENDED APPLICATIONS

8	
����
�������� ���� 	�
���� ������� ���$P,�� ���(4,�������	�����
���� ��� ����;=�

�������� �����4�
������ ���;�������� ��� � �
����� ������� �����;�������� �� ����

���������������������������������+�
���������
����
�������������
��������
�
����
����
�

���+������ ������ ��� ���� ������
��� ��������� ������������
��� ����
��
���� ��������� ���

4�
�����C��1,(�/###0�(4,����;������C��;>(/:A�(4,��������������;������C��;>(:00

$P,�

Figure 3-280 Output power versus gate bias for the unstable amplifier.
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MIXER DESIGN

4-1 INTRODUCTION
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Figure 4-1 Relationship between a mixer’s image and desired-signal responses. The image is 2fIF away
from the desired signal.

Figure 4-2 Additive mixing in a BJT [1].
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I = K[V + V1 sin(ω1t) + V2 sin(ω2t)]
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Figure 4-3 Additive mixing in a single-gate MOSFET [1].

Figure 4-4 Multiplicative mixing in a dual-gate MOSFET. A dual-gate device is actually two single-gate
devices in series [1].
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I = K[V 
2 + V 1

2 sin2(ω1t) + V 2
2 sin2(ω2t) + 2 VV1 sin(ω1t)

+ 2 VV2 sin(ω2t) + 2 V2V1 sin(ω2t) sin(ω1t)] �@!E�
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IIF = 2 KV1V2 sin(ω1t) sin(ω2t)

IIF = KV2V1{cos[(ω2 − ω1)t] − cos[(ω2 + ω1)t]} �@!@�
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4-2 PROPERTIES OF MIXERS

4-2-1 Conversion Gain/Loss
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Loss (dB) = Conversion loss + Transformer loss

                   + Losses due to harmonic generation + Diode loss �@!F�
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Diode loss (db) = log 10 
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Diode loss (db) = log 10 



 
50 + (2 × 8)
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Loss (dB) = 3 dB (Conversion loss) + 1.5 dB (Transformer loss)

                    + 1 dB (Losses from harmonic generation) + 0.5 dB (Diode loss)

= 6 dB                             �@!B�

 �������������#�	���
�
����	���	
�������	����$��
����
����������������
����$���

�����������'F�Ω�������������	���*0$�( ����
��������F<�Ω�
�
���� ����	�������
���	

Loss (dB) = 3 dB + 1.5 dB + 1 dB + 3 dB = 8.5 dB (Insertion loss) �@!%<�
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Figure 4-5 Equivalent circuit of a mixer diode.
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4-2-2 Noise Figure
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PR

∆f
 = 

e
2

 × Is × Ri
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F = 20 × ID × 
26 mV
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F = 20 × ID × 
26 mV

Id
 + 

RS + RG

2RG

= 0.52 + 0.58
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N0(ωIF) = NS(ωIF) + NINT(ωIF) + NL(ωIF) + kT0 �@!%B�
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Zout(ωIF)RL �@!'&�
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Table 4-1 Noise figure and conversion gain versus LO power for a diode
DBM
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4%<�< @F�E@C& 4@F�%BBE

� 4C�< E'�AA%@ 4E'�F'&@

� 4&�< %B�CF'B 4%B�'C&'

� 4@�< %'�%%F@ 4%%�E''C

� 4'�< C�CF%CC 4C�<FFCF

� � <�< A�'&B&B 4&�F%F&%

� � '�< &�@'E@@ 4F�&B'%%

� � @�< F�CFEFA 4F�%F@<@

� � &�< F�F<B%@ 4@�C@@EB

� � C�< F�E%AB& 4@�&&CA%

� %<�< F�%B<C% 4@�F@B&<

� %'�< F�<C&&< 4@�@FCCA

� %@�< @�BBFE< 4@�ECC<&

� %&�< @�B%A%& 4@�EEE''

� %C�< @�CFB'< 4@�'B@<A

� '<�< @�C'<E% 4@�'&A&E

Figure 4-6 Generic diode DBM.
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SSB Versus DSB Noise Figure. )	�����������	���
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4-2-3 Linearity
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Table 4-2 Typical spurious responses of high-level double-balanced mixer (decibels below
f LO ± f RF response)
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Figure 4-7 Mixer linearity evaluation, including compression and two-tone IMD dynamic range. P–1dB
for a single tone cannot be read directly from this graph because the values shown are the result of
two-equal-tone drive.
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Figure 4-9 LO–IF isolation versus frequency and LO drive level for a high-level diode DBM.

Figure 4-8 LO–IF and LO–RF isolation versus frequency for a high-level triple-balanced diode mixer.
The periodic roughness of the traces is a measurement-system artifact, proving that even sophisticated
FFT-based instruments are not perfect.
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4-2-8 dc Polarity
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4-2-9 Power Consumption
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4-3 DIODE MIXERS

8��������#���������	���������
������������	��	����!�
�
��	��������
��	�������
���

����� ��	����� ��	�� �	�� F<!Ω� ���
� �����	��� ������� ��2�
��	�� 
�� 
���� �	��	

��	�����	��������	���
�����
��
���	
���
��	���	�����
����������/0!�����������	
����

�,�������������
����( !��������������#�������������	���������
�������
�
��	���	

���
���6��������������������
��	��

Figure 4-10 LO-port VSWR versus frequency for a high-level diode DBM.
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4-3-1 Single-Diode Mixer
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Figure 4-11 Schematic of the single-diode mixer. The circuit’s 50-Ω output termination serves as the
diode’s dc return, as well as completing the circuit for RF, LO, and IF.
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Figure 4-12 Conversion gain and noise figure versus LO power for the single-diode mixer. The values
reported are worse than those predicted by theory because RF, LO, and IF matching has not been
attempted. In this analysis, LO = 310.7 MHz (–10 to 25 dBm), RF = 300 MHz (–50 dBm), and IF = 10.7
MHz.

Figure 4-13 Output spectrum of the single-diode mixer. Three LO harmonics and 3 LO sidebands were
used in this analysis. In this analysis, LO = 310.7 MHz (13 dBm), RF = 300 MHz (–20 dBm), and IF =
10.7 MHz.
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4-3-2 Single-Balanced Mixer
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Table 4-3 Example RF Schottky diodes (Siemens)

 ��

*�#����
��
�	�� :�����
���
�����)!�H�'F�P:�

8�����

#� ��� �)� #���
���� #���
����

�#� ���� ���� ��I� ���� ��I�� ����

?� %@!<E= @ � B< <�'' @E< % FF< %< $0+!E'E

?� %@!<BB������� @ � B< <�'' @E< % FF< %< $0 !%@E

?� %@!<BB�������� N � B< <�EC @<< % @C< %< $0 !%@E

?� %F!<E= @ %%< <�'% 'E< % E'< %< $0+!E'E

?� %F!<BB������� @ %%< <�'% 'E< % E'< %< $0 !%@E

?� %F!<BB�������� N %%< <�EA 'E< % E'< %< $0 !%@E

?� %A @ %E< <�FF E@< % @'F %< $0 !'E

?� %A!<@������� @ %E< <�FF E@< % @'F %< $0 !'E

?� &C C %E< <�AF E'< % EBF %< $0 !'E

?� &C!<@������� C %E< <�AF E'< % EBF %< $0 !'E

?� &C!<F������� C %E< <�AF E'< % EBF %< $0 !'E

?� &C!<&������� C %E< <�AF E'< % EBF %< $0 !'E

?� &C!<A������� C %E< <�AF E'< % EBF %< $0 !%@E

?� &C!<E= C %E< <�AF E'< % EBF %< $0+!E'E

?� %%@!<BB������� @ � B< <�'' FC< % &C< %< $0 !%@E

?� %%@!<BB�������� N � B< <�'' FC< % &C< %< $0 !%@E

Table 4-4 Example Schottky detector diodes (Siemens)
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�����)!�H�'F�P:�

8�����

#� �� �)��
�#��� #���
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�#��
����
�#�
�µ���

�I� ���� ���� �I� �I� ����� ��Ω� �I� �µ�� �I�

?� &' @< � '< <�@� <� <�FE ' %&< < ≤%< @< $0 !%@E

?� &'!<E= @< � '< <�@� <� <�FE ' %&< < ≤%< @< $0+!E'E

?� &E � E %<< <�&F <�' <�%B % � E< < ≤%< � E $0 !%@E
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Table 4-5 Example Schottky diodes and quads

Figure 4-14 Schematic of the two-diode (also known as single-balanced) mixer.

                   4-3 DIODE MIXERS  653



654  MIXER DESIGN



                   4-3 DIODE MIXERS  655



656  MIXER DESIGN



                   4-3 DIODE MIXERS  657



Figure 4-15 How the nonideal mixer’s conversion gain and noise figure vary with available LO power.
In this analysis, LO = 500 MHz (13 dBm), RF = 500.455 MHz (–20 dBm), and IF = 455 kHz.

Figure 4-16 How the nonideal two-diode mixer’s conversion gain and noise figure vary with frequency
for a constant LO power. In this analysis, LO = 1–1500 MHz (2 dBm), RF = 1.455–1500.455 MHz (–40
dBm), and IF = 455 kHz.
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4-3-3 Diode-Ring Mixer
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Figure 4-17 Port-to-port isolation of the quasi-ideal (identical diodes and no stray capacitance) and
nonideal (slightly mismatched diodes and 0.5 pF of stray capacitance between the upper terminal of the
middle transformer winding and ground) two-diode mixer. In this analysis, LO = 1–1500 MHz (2 dBm),
RF = 1.455–1500.455 MHz (–40 dBm), and IF = 455 kHz.
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Figure 4-18 The nonideal mixer’s output spectrum with (a) identical diodes and no stray capacitance
and (b) slightly mismatched diodes and 0.5 pF of stray capacitance between the upper terminal of the
middle transformer winding and ground. In these analyses, LO = 310.7 MHz (2 dBm), RF = 300.0 MHz
(–40 dBm), and IF = 10.7 MHz. Four LO harmonics and 3 LO sidebands were used.
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Figure 4-19 A subharmonically pumped single-balanced mixer using antiparallel diode pairs. The LO
operates from 40.005 to 55.005 MHz to mix 0.01–30.01-MHz RF to an IF of 80 MHz.

Figure 4-20 Simulated interport isolation of the subharmonic SBM. For realism, the diodes and
transformers are slightly mismatched.
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Figure 4-21 Schematic of the diode-ring double-balanced mixer.

Figure 4-22 DBM conversion gain and noise figure versus LO power. In this analysis, LO = 310.7 MHz
(–10 to 26 dBm), RF = 300 MHz (–40 dBm) and IF = 10.7 MHz.
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Figure 4-24 Interport isolation for DBMs with quasi-ideal and nonideal balance. In these analyses, the
LO (–7 dBm) sweeps from 1 to 1500 MHz and the RF (–40 dBm) sweeps from 1.455 to 1500.455 MHz
to produce an IF of 455 kHz.

Figure 4-23 This plot of conversion gain (CG) and noise figure (NF) versus frequency for quasi-ideally
and nonideally balanced versions of the same DBM reveals that balance plays a relatively minor role in
the CG and NF performance achieved. In these analyses, the LO (–7 dBm) sweeps from 1 to 1500 MHz
and the RF (–40 dBm) sweeps from 1.455 to 1500.455 MHz to produce an IF of 455 kHz.
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Figure 4-25 Return loss versus frequency for the DBM’s RF and LO ports. The sharp peak results from
a stray resonance.

Figure 4-26 Output spectrum of a nonideally balanced DBM. In this analysis, LO = 310.7 MHz (–7
dBm) and RF = 300 MHz (–40 dBm) for an IF of 10.7 MHz. Four LO harmonics and three LO sidebands
were used.

664  MIXER DESIGN



Figure 4-27 IF-port voltage waveform of the DBM over 100 cycles of the LO signal. The 310.7-MHz
LO and 10.7-MHz IF components are clearly evident.

Figure 4-28 Diode DBM IF and IM3 outputs versus RF power for four LO-drive levels. The responses
for LO = 7 dBm have been extrapolated to show IP3. Within limits, varying a mixer’s LO drive affects its
linear IF output relatively little while significantly affecting IMD. See Figure 4-29. For all four analyses,
LO = 310.7 MHz, RF1 = 300.0 MHz (–40 to 10 dBm), and RF2 = 300.3 MHz (–40 to 10 dBm); four LO
harmonics and three LO sidebands were used.
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Figure 4-29 Extrapolating the responses for all four LO levels represented in Figure 4-28 shows how
varying a diode DBM’s LO drive shifts its third-order intercept point. Although these curves indicate that
the simulated mixer’s IP3 generally increases with LO drive, the improvement in IP3 is not as great as
we might expect. The reason for this is that these four analyses, as well as the other diode-mixer analyses
in this chapter, were done using diode models with a threshold voltage (VJ) of 0.23. If high-level diodes
with a VJ of about 0.8 V had been used, IP3,out for the 13-dBm LO case shown here would increase
to +13 dBm. IP3,in for the 13-dBm LO case would turn out to be 13 dBm + insertion loss = 13 dBm +
7 dB = 20 dBm. The issue of diode damage aside, attempting to increase IP3 merely by driving
a low- or medium-barrier diode harder eventually results in diminishing returns. High-barrier diodes are
essential in getting the best IP3 performance with high LO drive.
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Figure 4-30 The DBM’s output in the 11-MHz region during two-tone testing. The third-order products
are clearly visible above and below the desired output signals. The test conditions for this analysis are
those for Figure 4-28 with LO = 13 dBm.

Figure 4-31 The DBM’s IF-output voltage over 50 cycles of the LO signal. The test conditions for this
analysis are those for Figure 4-28 with LO = 13 dBm.
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Figure 4-32 The anode-cathode voltage of one of the DBM’s diodes, also over 50 LO cycles under
two-tone IMD test conditions. The test conditions for this analysis are those for Figure 4-28 with LO = 13
dBm.

Figure 4-33 Example of a termination-insensitive mixer from U.S. Patent No. 4,224,572 (Adams-Russell
Co., 1980) [11].
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Figure 4-34 A mixer with a dc-coupled IF port can be used as a phase detector.

Figure 4-35 A diode-ring mixer as phase modulator.
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Quadrature IF Mixer. ��������
���)����#����������
���)����
��
���	������������!


����)
���������
���
�����	���
�����
��������!����	�����#������B<P�����

����	����<P�����

��

 �����������������������������	��	�������@!EA�

Image-Reject Mixer.  �� ����!�2�
���#����	���
�������������������
��� )����#�

��
���	�����
��	���B<P���������
�
��)�����
���������	��	�������@!EC�� ������������	�
��	

��� 
�� �����	
��
� �
�	� 
�� ���� ���	��� �	�� 
�� ����� ���	����  ���� 
��� ��� ����� ��

��������������� �	� �������
��	������ 
����������� ���	��� �	�� ����� ��� ��� ����� �	

����	���
��
��2�
�	��
���������
�����
��	�����	�
�����
�����

Diode Attenuator/Switch. ����	�����8)9���������	������������
��	����

	��
���

��� ������	�� �������� ������������� 
�� 
�� ������ �������@!EB���*�#������

	��
��	� ��

���������	� 
�� ����	
� �
� 
�� ��	
���� ���
� ��� G����  ����#����� �

	��
��	� ��� 
�

�����
��	� �
�	� 
�� �	��
� �	�� ��
��
� ���
��� *�	����� �

	��
��	� ��	��
��	� ������ ��

���������	�
��)�!���
�����	
����'<!���

Figure 4-36 Two biphase modulators form the basis for a QPSK modulator.

Figure 4-37 Quadrature mixer.
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Single-Sideband (SSB) or In-Phase/Quadrature (I/Q) Modulator. $$?� ��� )6Q
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Figure 4-38 An image-reject mixer uses phasing to differentiate between its LO + IF and LO – RF IF
outputs.

Figure 4-39 A diode DBM can be used as a dc-controlled attenuator if PIN diodes are used instead of
Schottky devices in its ring.
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Figure 4-40 An SSB modulator matches two high-frequency mixers, a 90° hybrid, and an in-phase
power combiner to produce an SSB output signal.
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Figure 4-41 The level of SSB rejection improves as the phase- and amplitude-imbalance performance
of an SSB modulator improves.
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Figure 4-42 This plot of carrier and sideband rejection was measured for a conventional SSB modulator
operating at 1.9 GHz.
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Figure 4-43 The SSB modulator’s return loss as measured at the local oscillator (LO) port.

Figure 4-44 The novel harmonic SSB modulator’s return loss as measured at the RF port.
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Figure 4-45 Plot of carrier and sideband rejection as measured for the novel harmonic SSB modulator
operating at cellular frequencies.

Figure 4-46 A triple-balanced diode mixer. A limitation of this configuration is that the internal dc
common connections associated with its RF and LO transformers disallow usable IF response down to
dc.
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Figure 4-47 The triple-balanced mixer offers improved high-frequency isolation over a standard DBM.
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Figure 4-48 Schematic of the spectrum-analyzer mixer. The LO is applied at one-third the frequency
necessary to mix the RF signal to the 500-MHz IF.
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Figure 4-49 A single-BJT mixer.
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Figure 4-51 Gilbert cell mixer validation circuit.

Figure 4-50 The basic Gilbert multiplier cell.
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Figure 4-53 IM3 and IP3 responses for the BJT Gilbert cell mixer with RF signals at 945 and 946 MHz.
In this analysis, LO = 900 MHz (–10 dBm), RF1 = 945 MHz (–50 to –30 dBm), and RF2 = 946 MHz (–50
to –30 dBm). Four LO harmonics and three LO sidebands were used.

Figure 4-52 Conversion gain and noise figure versus LO power for the Gilbert cell mixer. In this analysis,
LO = 900 MHz (–20 to 0 dBm) and RF = 945 MHz (–50 dBm) for an IF of 45 MHz.
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Figure 4-54 Motorola’s MC13143 mixer IC uses dc feedback for improved linearity that can be
programmed by applying a control current (0–2.3 mA) to its Mixer Linearity Control pin. Per Motorola, an
IP3,in of 20 dBm may be achieved with a control current of 2.3 mA, at the expense of approximately 7
mA of additional supply current. In this validation circuit, R1 (the resistor in Q10’s emitter) has been
adjusted for a total current drain (supply + linearity control) of 8 mA.
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Figure 4-55 Calculated conversion gain and noise figure versus LO drive for the Motorola MC13143
IC operating at VCC = 2. Motorola’s specifications for the typical values of these characteristics are –5.0
dB and 12 dB, respectively, at an LO drive level of 0 dBm. The RF signal is at 900 MHz and the LO is at
950 MHz, for an IF of 50 MHz. In this analysis, LO = 950 MHz (–10 to 5 dBm) and RF = 901 MHz (–50
dBm) for an IF of 49 MHz.

Figure 4-56 Calculated typical IF, IM3, and IP3 responses for the Motorola MC13143 mixer. In this
analysis, LO = 950 MHz (–5 dBm), RF1 = 900 MHz (–50 to –20 dBm), and RF2 = 901 MHz (–50 to –20
dBm), and VCC = 5. Four LO harmonics and three LO sidebands were used.

                   4-4 TRANSISTOR MIXERS  683



�	�#
�	�������	
�������
���������	�)8E��	����'<��?���
�
��#�	���������
��	���������

����	
�

 ��*:%E%@E���	
��	��'B���
���
��	���
�����������@!F@�������
���������
��*:%E%@E

������
� ������ 
�� �
�� ��	
����� �	�� ��	������� ���� �����
�� �	������� ��� *�
�����,�

*:%E%@E�
�
�������
��������@!FF�������
��������
,����	�����	����	��	��	���������������

/0��������	��������@!F&�������
��������
,��
�������)���)*E���	��)8E�����	������
����

�������
������	���
�:������
��	,��$�	���C�<�������
�������
�������������
��	����
�

*:%E%@E���
���
�����������������	����������

)	���	�����	��
����������������	�
��*:%E%@E���	�����
��������
��
�������

����	����	���
����������	�)*+����������������	��
��
�
�������!�����)8�����	����	��

���
�����
!��	��������
��	�����������
��	������
��E!�?6�?�������������	�����������
����
�����
�

)*+�������
���
�����	�������������%<����'<��?6�?N�����
��������������	����	
�

D���!����	�����������
������	��������
��������	�?5 �"�
�����������	�������
����
�


��	��������	�
����	�����E�MDG��?�������
��	�������������#
	���
��%<�MDG����$�M�

��
���	�
������
�������������������������������
�����
�
����������������	
����	�����

 �������	�
��	�	���������������	�
����
�����������	�����M����
!���!
�����#��

���	��$�M�
��	���
�������
���������
��
����������������	���	�
��������	�������
��	��

���	����	����������������������������
���
���������������	����

4-4-3 FET Mixers

�( ��������	���
����	���������������
�������
������������������
��	��������!������	
���
�

��#��� ��� 
�� %<<�*DG� �������� ������ �	�� %�MDG� �����!��
�*0$�( ���:��
!�	��
��

�������
��	������������
������������	��!��
��( �� ���
���������	��!��
���������

��#����������	
�������
��������
�
�������
��������
������
�
��������������

�	�


������������
��	����
�������
�����
��������	��	�
����
��������
�����������#�����������

�����	�����������A�CC��	�I	���	�
�����-%A.��7	���
�	�
����������	�
��	�
�����

������
� �	���G����
������	� 
������ 	��� ��� 
�� ��
����� ��� 
�� ����� ��
�� -%C.� ������

�������	
��
��������
��������
��	��
��
��	���
����������
�����
������������

������@!FA������������������
����( ���#���/���
����	��!������	����	��!?5 ���#���

�
��������
������
�������
,�������	�
�����	���4/0��	
���
��	�����	2�
�	���	����	����



����
��	��
���
����
�
���������������	��$�	��!��
�M�����	��/+*0$��( ���������

�����	�
��������	��	
���
����
������	��������������
�
��
�������
����������@!FC

������������!��
��( ��	��	�����
�����#�	����	������
��	�

 ����	���
������( �����������	�
�����
�
��
����( ����������������������	��
�����


������
������
�����
��
��	���	���
�	��������������
������	�
�	
�� ���������������
��	��

���������
�����	����( ���#���������	���� �������������� 
�� 
�������	���	��������

��#��1�
�������������	��&4B��?����	��	���	�
����	������
��	�����( ���#�,���	
���


���	
�������2�
�
������!�����	�������
��	�����
��������������
���
���	�
��	��������	�


����
������ ���	�
�	��
����#����
�������
������������
����	�
��
������
�������������

����
��� �	��� ��
��	� �
�� E!�?� ������	�"� �	� 
�� 
��	��
��	� ��	�� �	�� ���	��� 
�� ���
�

�����	����������������	��
����#���	
���
����	
��������	�� ����
���	�������

��� ���� 
����	���G� 
�������
� ��� 
����	������ 
���( ���
��
����������!����� ���
������	�

������
���������	�������
����
��
�
�	��������
�
����F<!����	���������
����������	��	������

@!FB�� 0�
���� �
�� ������	��� 
���� �����	�� �	��
�� ��
�� ���� ���� �� ����
� ������
� �	�

���	
��	��)*+�������
���
�������	��������� ����
�	�
���
��
�������
��������������#��

����������������������		
���	�����������	��
��	������� ������!�������	������
��	

�����������	��	
��	���	�
����
��
���

684  MIXER DESIGN



                   4-4 TRANSISTOR MIXERS  685



686  MIXER DESIGN



                   4-4 TRANSISTOR MIXERS  687



688  MIXER DESIGN



                   4-4 TRANSISTOR MIXERS  689



690  MIXER DESIGN



Figure 4-57 An additive JFET mixer cell using gate RF injection and source LO injection.

Figure 4-58 Test circuit for additive mixing using a dual-gate MOSFET.

Figure 4-59 FET mixer output coupling that minimizes the effects of filter reactance outside the filter
passband.
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4-4-4 MOSFET Gilbert Cell
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Figure 4-60 The N-JFET circuit of Figure 4-57 modified to work with an LDMOS FET.

Figure 4-61 The LDMOS FET mixer’s calculated conversion gain and noise figure. Although the “noisy”
traces reflect numerical problems in the device model, the results can be put to good use in circuit design.
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Figure 4-62 Test circuit for multiplicative mixing using a dual-gate MOSFET.
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Figure 4-64 Physical layout of the GaAs oscillator/mixer/postamplifier IC, showing the considerable
real estate required for integrated inductors.
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Figure 4-66 The Siemens CMY210 IC includes a shunt switch mixer and AGC-equipped LO amplifier
for more constant LO drive. Despite its simplicity, this mixer achieves a typical IP3,in of 25 dBm.

Figure 4-67 The CMY91 IC includes a postmixer amplifier instead of an AGC LO amplifier. Its IP3,in is
typically –2 dBm (drain supply, 3 V at 1 mA) with no connection made to its CAP pin. In the configuration
shown, its typical IP3,in is 0 dBm (drain supply, 3 V at 2.5 mA).
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Table 4-6 Partial CMY91 specifications
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Figure 4-67 The CMY91 IC includes a postmixer amplifier instead of an AGC LO amplifier. Its IP3,in is
typically –2 dBm (drain supply, 3 V at 1 mA) with no connection made to its CAP pin. In the configuration
shown, its typical IP3,in is 0 dBm (drain supply, 3 V at 2.5 mA).
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Figure 4-68 Layout of the 20-GHz diode mixer.
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Figure 4-69 The 20-GHz diode mixer circuit board.

Figure 4-70a
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HA Mixer Family Measurements
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Figure 4-70e
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Figure 4-70g
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Figure 4-70i

Figure 4-70h
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Figure 4-70j
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5

RF/WIRELESS OSCILLATORS

5-1 INTRODUCTION TO FREQUENCY CONTROL
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Figure 5-2 Schematic diagrams of RF connections for common oscillator circuits (dc and biasing
circuits not shown) [1].
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5-3 OSCILLATOR DESIGN
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Figure 5-3 Block diagram of an oscillator showing forward and feedback loop components.
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 << 
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Figure 5-4 Oscillator with capacitive voltage divider.

Figure 5-5 Linearized and simplified equivalent circuit of Figure 5-4.
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G( jω) = 
hfb

hib
 ZL = 

α
hib

 ZL $%�&/'

���

H( jω) = 
C1

C1 + C2

$%�&E'

���

YL = 
1
ZL

 = 
1

jωL
 + 

1
Req

 + 
1
RL

 + 
1

jωC $%�&B'

Figure 5-6 Further simplification of Figure 5-4, assuming high-impedance loads.

Figure 5-7 Calculated input impedance of a 200-MHz BJT Colpitts oscillator with its resonator removed.
(Figure 5-46 shows an equivalent graph with the resonator present.)
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Figure 5-8 Generalized circuit for an oscillator using an amplifier model. Z3 is inductive even with a
capacitor in series with it.
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Figure 5-9 Small-signal equivalent circuit of Figure 5-8.
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Figure 5-10 Colpitts oscillator.
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Figure 5-11 Hartley oscillator.

Figure 5-12 Design example of a Colpitts oscillator.
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 ≈ 

55
1.0006

 = 54.96 pF

���

fo = 
1

2πL[C1
�C2 / (C1

�  + C2)]
1 / 2 ≅ 191.56 MHz

#�	����	��	��	�����	��������	*	�����	�	��������	�����	��	��	�����������	�������

��
����	 ��	 ��	 ����	 ��	 ��	 ����������	 �����	 �����������	 �����	 �����	 ��	 �������

�������	B�/N�	7����	��	�����������	����	β(@*�	 ��	&3�	 ���	��	�����	����	����	 ��


�������	������������

Two-Port Oscillator. 	��������	F���	$%�/%'	���	$%�/H'	���	�	���	��	���
��	��	.���

.��������	���	������������	���	��	����	���������	��	��	���	���	�����	�������	����	��	�����

�������	��	���������	�������������	��������	���	��	��������	����	���	�	�������	)�	��

����	��	��	����	����	��	����	����	�������	$�������	*'�	���	.�����	����	��������	���������

�����	���	��	��	��������	�
��	�����	��	��������	��	�����	)�	��	������	���	���

��	��������	*	��	������	��	������������	��	���	�����	����	��	���������	��	��	���������

)�	��	��	��������	��	��	�
������	��	
�������	������������	��	���������	��	�
����	��	����

����	��	����	����������	#���	�����	��	����	���	�	��������	��	�	������	�������	��

����	����	��	����	��������	)�	��	�����	��������	��	��������	��	������������	����	��	����

����	��	�����������	�
������	����	������	��	��	�����	��������	��	�������	#�	
�������

�������������	��	���	��������	
���	�	��	����	
��������	#�	�	���	�	������	��������

��	���� ��	��	�����	�
�����	��	��	�������	��	"����	%�&E	����	�	������

)�	���	��	�����������	�
���	(���	<<	& ��))�	��	��������	�������	��	��	�����	��	"����	%�&E�

#�	����������	����	��������	��

Vin = Iin(XC
1
 + XC

2
) − Ib(XC

1
 − βXC

2
) $%�EH'

0 = −Iin(XC
1
) + Ib(XC

1
 + hie) $%�EC'

����	,(	��	��
�����	���
	���	���	���������	+��	��	�������	��

Figure 5-13 Calculation of input impedance of the negative-resistance oscillator.
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Zin = 
Vin

Iin
 = 

(1 + β)XC
1
XC

2
 + hie(XC

1
 + XC

2
)

XC
1
 + hie

$%�E2'

)�	.�
1

	<<	���	��	�����	�
�����	��	�����.�
����	����	��

Zin ≈ 
1 + β

hie
 XC

1
XC2

 + (XC
1
 + XC

2
) $%�E8'

Zin ≈ 
−gm

ω2C1C2

 + 
1

jω[C1C2 / (C1 + C2)]
$%�B3'

#���	���	��	�����	�
�����	��	��	�������	�����	��	"����	%�&B	��	�	������	��������

R = 
−gm

ω2C1C2

$%�B&'

��	����	����	�	����������

Cin = 
C1C2

C1 + C2

$%�B/'

�����	��	��	����	��
��������	��	��	���	�����������

>���	��	��������	)	$����	��	����	��������	�-'	�������	������	��	������	��	��	����

����	��	���������	���	��������	�����������	��

RS = 
gm

ω2C1C2

$%�BE'

���	��	�������	��	�����������	��

Figure 5-14 Equivalent small-signal circuit of Figure 5-13.
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fo = 
1

2π√L[C1C2 / (C1 + C2)]
$%�BB'

#���	������������	��	��	����������	������	�������	�����	��������	����	���	�	���	��

��	������	"�����	�&	������	�	��	����	��	�������	��	����

XC
1
 << hie

$%�B%'

���	�/	��	��	�	����	��	����

XC
2
 << 

1
hoe

$%�BH'

>��	���	���	����������	��	�����	��	����������	�������
����	���	������������
����

�����������	����	���	�	��������	����	��	��	���������	�����
����	0�����	F��	$%�BE'

��
���	��	
�.�
�
	����	��	��	�����������	����

r ≤ 
gm

ω2C1C2

 ≤ 
G

ω2C1C2

$%�BC'

���	!	��	��	
�.�
�
	����	��	�0�	"��	�	����	�������	��	�&	���	�/�	��	����	����������

��	��	
�.�
�
	���	�&	=	�/	=	�0�	#���	F��	$%�BC'	���	�	������

1

ωCm

 > √r
G

$%�B2'

#���	�������	��	�
�������	��	����	��	�����	����	���	������������	��	�	
���������	��	
���
�


��
������	�������	& �ω�0	��	�	��������	��	��	��������	��	��	��������	���	��	������������


�����	�����������	�0�

��	����������	�������	�����	��	 ��	�����	�����	��	�����1!�����	�����	 ��	�����	��

"����	%�&%�	#���	����������	��	��������	��	��	��	-���	���������	���	��	���	��	���������

��������	��	����	���	��	������	������	���	��	�����	����
	��	
�����	��	
���

�
����	����	�&	���	�/�

Figure 5-15 Circuit of a Clapp oscillator.
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)�	��	�������	��	��	�&	���	�/	��	�������	��	���������	��	F��	$%�BC'	���	���	��-���	��	���

��	�����	�������	��	�����������	ω��	�����	��	���
���	���


ωoL − 
1

ωoCo
 − 

1
ωoC1

 − 
1

ωoC2

 = 0 $%�B8'

Amplitude Stability. 	:����� �	��������	��	��	����������	��	��������	���	���
�����

��	�������	���	���	��	�
������	��	��	������������	#�	;������	���������	��������	�����
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�
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�������	���	��	����������	��������	����	��	���	������	��
�����	����	��	�������	���
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��	�������	0��
�����	��	��	�����
����	�������	���	�	.������	��	��	
����	��	*/	��

�����	 ��	 ������������	 ����	 ��������	 ;��	 ����	 ��	 ��������	 ��	*/	 ��	 �������	 ���
	 ��

������	�����

Phase Stability. 	��	����������	���	�	�������	��	����	���������	����	���	�	��������

��	���	������	������	"�����	���	��	��������0	����������	��	�����	��	�������	������	���

�	�����	��	
������	������	�����	����	��	��	�����	#���	�������	���������	��	���
����

��
���	��	��	�������	��
�������	�
������	����������	���	�����	�����	#�	����	�����

Figure 5-16 Two-stage, emitter-coupled oscillator.
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�

���	 ��	������������	��	 ��	����
	��������	��������	 ��	����	�����	 ��	9&234�	 )�	��
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�����	�����	��	�����	����	�����	��	�����	34�	)�	����	����	��	�������	����	�����	��	��

�����	���	��	��������	����	�����	��	&C34�	"����	%�&C	�����	����	∆�/�	��	�����	��
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#���	����������	����������	����������	����	�φ � ��	��	�	=	��	��	�	
����	��	��	������������

����	����������	)�	�������	�	����	
���	��	�������������	��
������	��	����	���������	��

���	������������	*������	��	��
��	�������	����	�������	�����	��	"����	%�&2�

"��	����	��������	��	��������	��

Vo( jω)
I( jω)

 = R
1 + jQ[(ω / ωo) − (ωo / ω)]

$%�%3'

Figure 5-17 Phase plot of two open-loop systems with different resonator Q values.

Figure 5-18 Parallel tuned circuit for phase-shift analysis.
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���

ωo = 
1

√LC
     and     Q = 

R
ωoL

$%�%&'

#�	�������	����	�����	��

arg 
Vo

I
 = θ = tan−1 Q 




 
ω
ωo

 − 
ωo

ω
 




$%�%/'

���

dθ
dω

 = 
1 / Q

1 / Q2 + [(ω2 − ωo
2) / ωoω]2 

ω2 + ωo
2

(ωoω)
2

$%�%E'

��	��	�������	�������	ω��

Figure 5-19 Diagram for a feedback oscillator illustrating the principles involved, and showing the key
components considered in the phase noise calculation and its contribution.
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dQ
dω



ω = ω

o

 = 
2Q
ωo

$%�%B'

#�	�������	���������	������	-�	��	�����	��	��	�����	��	����	�φ �	�ω	������	��	��
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��� �	�����	��	�������	∆ω �ω��	#���	���

SF = 2Q
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5-4 OSCILLATOR CIRCUITS

5-4-1 Hartley

"����	%�/&	�����	��	0�����	����������	��������������	��	�����	������	��	�������	��

�������	��	���������	)�	��������	��	��������	���	�������	��	�	�����	�����	��������	��

���	�������	
����������	��������	����������	����	������	�������	��	����	-��������

5-4-2 Colpitts

"����	%�//	�����	��	*�������	����������	��������������	��	�����	������	��	�������	���	�

���������	������	�������
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5-4-3 Clapp–Gouriet

"����	 %�/E	 �����	 ��	 *����9O�����	 �����������	 :��	 ��	 *��������	 ��	 *����9O�����
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5-5 DESIGN OF RF OSCILLATORS

5-5-1 General Thoughts on Transistor Oscillators

��	���
��	��	��	����	�����
���	��	��	����������	��

>	-���	����	����	��	�������	��������	����������	����	�����	������	$����	�	"����	%�&8�'

#���	�������	��	����	��	����	���	��	,���	@����	��	0������������	�����	&8C2�	0

���	��	�����	��	��������	��	������	����	��	��	:���	�������	��	������	��	�L�����L

Figure 5-22 Colpitts oscillator.

$%�%H'

Figure 5-21 Hartley oscillator.
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Figure 5-23 Clapp–Gouriet oscillator.
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Figure 5-24 Phase noise of oscillators using different semiconductors and resonators.
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Figure 5-26 Photograph of the helical-resonator system from the Rohde & Schwarz SMDU signal
generator.
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Figure 5-27 Buffered oscillator design.
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Figure 5-28 Oscillator example at 2 GHz.

Figure 5-29 Oscillator design flowchart.
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Figure 5-30 A 4-GHz lumped-resonator oscillator using the AT41400.

Figure 5-31 Completed lumped-resonator oscillator (LRO).
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Figure 5-33 Standard round/square ceramic-resonator packaging and dimensions.

Figure 5-32 Ceramic resonators.
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Figure 5-34 Modern ceramic-resonator oscillator for handheld cellular phones.
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Figure 5-36 Simulated phase noise of an npn bipolar 1-GHz ceramic-resonator-based oscillator.

Figure 5-35 Schematic of a high-performance ceramic-resonator-based oscillator that can be used
from 500 MHz to 2 GHz.
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Figure 5-38 Miniature PLL-based synthesizer manufactured by Synergy Microwave Corporation.

Figure 5-37 Measured phase noise of a ceramic-resonator-based oscillator.
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Figure 5-39 Oscillator portion of Philips SA620 front-end IC with external resonator.
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Figure 5-40 Oscillator portion of SA620 IC with tapped-microstrip resonator.
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Figure 5-41 Differential oscillator with tapped-microstrip resonator.
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5-5-6 Crystal Oscillators
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Figure 5-43 “Walking stick” microstrip Hartley resonator as used by Plextek in the 800–1500-MHz
range. Below 800 MHz, the resonator’s physical size becomes impractical; above 1500 MHz, the
transistor’s parasitic reactances make the Hartley configuration problematic.

Table 5-2 Achieved oscillator phase noise versus tuning range

#�����	!����	3�%9E	+ #�����	!����	&9E	+ ����	;���	��	/3��0 	(����

/EN &HN 9&33	�7�K0 

&HN &&N 9&3E	�7�K0 

&3N 2N 9&3H	�7�K0 
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Figure 5-44 Electrical equivalent of a piezoelectric crystal resonator, showing fundamental (1) and
overtone (3, 5, 7, . . .) resonances. (Courtesy of Roger Clark, Vectron International.)

Table 5-3 Approximate crystal parameters
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Source: Roger Clark, Vectron International.
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5-5-7 Voltage-Controlled Oscillators
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Figure 5-45 A 3–30-MHz Colpitts crystal oscillator.
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C = 
K

(VR + VD)
n

$%�2/'

Figure 5-48 This alternative output tap uses the crystal’s high selectivity for improved harmonic
reduction.

Figure 5-49 Comparison of the crystal oscillator’s simulated output spectrum as obtained at the
transistor emitter (dark gray, fundamental –26.7 dBm) and crystal (light gray, fundamental –29.1 dBm).
At the emitter, the second harmonic is down only 4.3 dB relative to the carrier; at the crystal, the second
harmonic is down 36 dB relative to the carrier.
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Figure 5-52 Capacitance–voltage characteristic for an alloyed capacitance diode (n = 0.33), a diffused
capacitance diode (n = 0.5), and a wide-range tuning diode (BB141).
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L������	�	��.�	�������	����������	�3	��	��������	#�	���������	�������	�������	��

����	 �������	 ��	 ����	 �����	 ��	 �	 ���������	 ��	 ��	 ���������	 �����������	 @���	 ���

������������	�������	��	�������	�������	��	�������	��	�������	����	��	����	����������

��	 ��	 ��������
�	 ����	 ��	 �������	 ��	��	����������	 ��������	 �����	 ��������	���	"��	 ��

�������	����	��������	��������
�	����	��	��������	�	���	��	.�������

Rc = RB 



1 + 

Ctot

CS
 




2

$%�2%'

Table 5-4 Example tuning diodes (Siemens)

#��

L�.�
�

!������ *�������������	$2�	J	/%	4*'

������
*���
*��

$�

$+'
,�

$
�'
�2	��
$�"'

$�

$+'
�2

$�"'
$�	
$+' 	 ������ ,�	$��'

$�

$+'

77BE8 E3 /3 /8 E %�3 /% %�2 ≤/3 /2 @(,�E/E Y

77%E% E3 /3 &2�C & /�& /2 2�8 ≤&3 E3 @(,�E/E �

77%B% E3 /3 /3 & /�3 /2 &3�3 ≤&3 E3 @(,�E/E *

77HE8 E3 /3 E2�E & /�H% /2 &B�% ≤&3 E3 @(,�E/E Q

77HE8* E3 /3 E8 & /�%% /2 &%�E ≤&3 E3 @(,�E/E 7

77HB3 E3 /3 H8 & E�3% /2 //�H ≤&3 E3 @(,�E/E ;

7723B	$����' /3 %3 BB�C% / /H�&% 2 &�C& ≤/3 &H @(#�/E F

772&B	$����' /3 %3 BB�C% / /3�2 2 /�&% ≤/3 &H @(#�/E (

772EE E3 /3 8�E & 3�C% /2 &/�B ≤/3 E3 @(,�E/E "

772E% E3 /3 8�& & 3�H/ /2 &B�C ≤&3 E3 @(,�E/E O

778&B	$����' /3 %3 BE�C% / &2�C 2 /�EB ≤/3 &H @(#�/E �

77S%&	$����' C /3 %�E3 & E�&3 B &�C% ≤&3 H @(#�/E 0

77S%&�3E> C /3 %�E3 & E�&3 B &�C% ≤&3 H @(,�E/E 0

77S%&�3C	$����' C /3 %�E3 & E�&3 B &�C% ≤&3 H @(#�&BE 0

77S%/	$����' C /3 &�C% & &�/% B &�B3 ≤&3 H @(#�/E )

77S%/�3E> C /3 &�C% & &�/% B &�B3 ≤&3 H @(,�E/E )

77S%E	$����' H /3 %�E3 & /�B3 E /�/3 ≤&3 B @(#�/E :

77S%E�3E> H /3 %�E3 & /�B3 E /�/3 ≤&3 B @(,�E/E :
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)�	��	����	�������	��	����	����������	��	������	��	��	��������	�������	�������	ω�	�

������

Rc = RB 



 

ω2LCS

ω2L(CS + CP) − 1
 




2

$%�2H'

)�	��	�������	��	"����	%�%%�	��	�������	�������	��	����	��	���	������	������	�����	��

�������	��	�������	���	��	����	���	������	��������	���	������������	��	����������	���

������������	��������	#���	������
��	���	��	��������	����	��	����������	�����	�����

��	��	��	
���������	����	��	�������	���������	��	���	�����	����	�������	������	������

#�	����	�������	�&�	�����	������	��	������	������	��	��	������	������	��	��������
�

����	��	�������	��	�	��������	�����	������	��	����	������	�����	O���	���	���������	�������

������	������	�	������	��	.�������

Rc = 4RB $%�2C'

Figure 5-54 Parallel-resonant circuit with tuner diode, and bias resistor in parallel to the diode.

Figure 5-53 Diode capacitance CT versus reverse voltage VR for the diodes shown in Table 5-4. The
curve labels correspond to the chip codes called out in the table.
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Capacitances Connected in Parallel or in Series with the Tuning Diode. 	"���

��	%�%B	�����	����	�	���������	��	�������	��	����	����	��	����	�����	��	����	��	����	��

�������	���	����������	������	����	��	��	��
	��
�	��	������	��	��
����	��	��	������	����

���
	��	���	��	��	�������	����	�����	��	�����	�������	��	��	��	����	��	������	������

��	�	������	��	��	�����	)�	��������	��	����	��	��	����	�������	�-	����	�	�����	����

����	 ��	 ������	 ����������	 ���������	 ��	 ���	 ���������	 0�����	 ��	 ��
	 ��������

.�
���	��	��	����������	�������	��	������	����	����
����	�������	��	��	��	����

��	
�������	��	��	�������	������������	��	���	��������	���	��	�������	��	��	����

����������	����	���	���	��	�	����	����	��������	7�	���������	��	���������	�-�	����
�

��	�	��������	��	����	����	��	����	����������	�����	��	������	����������	��	�����	��

��	����

C∗ = Ctot 
1

1 + Ctot / CS

$%�22'

#�	*	��	��	������	������	�����������	������	����	�������	��	*	��	��	������	�����

�������	��

Q∗ = Q



1 + 

Ctot

CS
 




$%�28'

#�	�����	����������	�����	��	�����	��	��	����

Cmax
∗

Cmin
∗  = 

Cmax

Cmin
 
1 + Cmin / CS

1 + Cmax / CS

$%�83'

���	�
�.	���	�
��	��	��	
�.�
�
	���	
���
�
	������������	����������	��	��	����

�����

(�	��	����	�����	��	��������	��	�����	�����	��	��	��	���������	��������	���������

��	�
������	��	��	����������	������	������	��	��	����	����	��	�����	��

v̂∗ = v̂ 1
1 + Ctot / C

$%�8&'

��	 ����	 ��	 ����	����	��	 ��	 ������	������	���	�	�
�����	���	 ����	 ������	 ��	�	�����


�.�
�
	����������	�
�.	��	��	������	����	���	�	�����	�����	����������	������	#�

Figure 5-55 Parallel-resonant circuit with two tuning diodes.
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�������	.���	��	��	����	����������	����	���	��������	�	���	����	����	F��	$%�28'

�����	�������

#�	�������	����������	�3	����	������	��	"�����	%�%B	���	%�%%	��	������	������	����

������	�����������	��	��������	���	���	����	���	���	���������������	7�	�������	��

����������	�3�	����
�	��	�	��������	��	�	�����	�����������	��	�����	������	����������

����	��	����	����	��	�-	��	����
�	��	�	����	�����	��	�	����������	�	������

C∗ = Ctot 



1 + 

CP

Ctot
 




$%�8/'

#�	*	��	��	������	������	�����������	�����	���
	��	*	��	��	������	�����	��

Q∗ = Q



1 + 

CP

Ctot
 




$%�8E'

���	 ��	 ����	 ������	 ��	 ����	 ����	 ��	 
�������	 ��	 ��	 �������	 �����������	 #�	 �����

����������	��	�����A

Cmax
∗

Cmin
∗  = 

Cmax

Cmin
 
1 + CP / Cmax

1 + CP / Cmin

$%�8B'

)�	���	��	��	����	����	��	�	��
���������	�
���	�����	����������	�����	��	����������

�����	������������	��	��	�������	��	����	���	������	���	����	�����������	��	��	������

����	��	��	�������	������

Figure 5-56 Diagram for determining capacitance ratio and maximum capacitance.
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Tuning Range. 	#�	�������	����	���	�����	�	���������������	�������	$���������	��

"����	%�%B'	���	�	����	��	
���	��	��	������	����	�����	��	��	�����	����������	�����

��	��	����	���	��	��	�������	���	����	�����������	�����	��	��	��������	#�	�����	��	

fmax

fmin
 = 













1 + 
Cmax

CP(1 + Cmax / CS)

1 + 
Cmax

CP(Cmax / Cmin + Cmax / CS)













1 / 2

$%�8%'

)�	
���	�����	��	����	��	��	����	���������	���	�	�����	��	�	����	�����	���	���	����

��	�	���������	)�	����	����	F��	$%�8%'	��	��
������	��	�������A

Figure 5-57 Oscillator and switching section of the Rohde & Schwarz ESH2/ESH3 test receiver.
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fmax

fmin
 = 





1 + Cmax / CP

1 + Cmin / CP





1 / 2

$%�8H'

"��
	����	��������	 ��	������
	�����	��	"����	%�%H	��	��
�����	>���	��	���	��	����

������
�	��	������	����	����
���	������	���	������	�	�������	�������	���	�	���������

�������	����	$����	 ��	
�.�
�
	����������	���	 ��	����������	�����'	���	�	����


����	>����	��	����	����������	�-	������	�	����������	��	������	����������

�����	��	�����	�������	��	F��	$%�83'�

Tracking. 	>��	�����	����	��������	��	���	��	��	��
	��������	�����	
���	�

�����	���	�����	���������

5-5-9 Practical Circuits

Oscillators with Coarse and Fine Tuning. 	����	��	
���	������	��	
��	�	���	��

���	�	����	��	��
	���������	���������	����	��	��	��	�����	��	"����	%�%C�	#���	����������

��	����	���	��	��	!���	?	@����� 	F@;KF@+;B3	������������	
���	���	��	��	0"&3E3

�����	 �������	 ��	*����	*�

�����������	 @��	,����	 #���	 �������	 ��
����	 ���	 ��

�������	��������	�����	����������	�	�����	����	��	����	���	���	����������	�	������

����	��	���	����	&	L0 D	�����	������	��	������	����	��	��������	������

@����	�������	��������	��	����	�������	��	�������A

Figure 5-59 Schematic of the dc-coupled oscillator.
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���
����������	�������	���	�����	������	����	���������	������

dc-Coupled Oscillator. 	��	���������	�������	����	���	���	���	��	��	)*	���	�������	��

��	��	,����	:�����	��	L��������	"����	%�%8	�����	��	�������	���	"����	%�H3	�����	���

����	�����	��	�	�����	��	��	�����������	��	�����������	����	7=#	����������	���	��	���	����

���������	��	��	�����������	���
�	�	������	�����	�����
��	��	����
����	���	���	���	��

�����������

Siemens Colpitts Oscillator. 	�	
��	�������	��������	����	��	���������	�	��������

*�������	����������	����	�	���	��	������	
������	��	��	����������	��	"����	%�H&�	�������

Figure 5-63 Implementation of the Siemens VCO.
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5-6 NOISE IN OSCILLATORS
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5-6-1 Linear Approach to the Calculation of Oscillator Phase Noise
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Figure 5-66 Noise power versus frequency of a transistor amplifier with an input signal applied.

Figure 5-67 Phase noise added to carrier.
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Figure 5-68 Phase noise modeled by a noise-free amplifier and phase modulator.
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Figure 5-69 Equivalent feedback models of oscillator phase noise.
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Figure 5-70 Equivalent feedback models of oscillator phase noise.
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Table 5-5 Linear and SPICE equivalent circuits for the Avantek AT21400 chip

aThese equivalent circuits are provided only as first-order design aids. Their accuracy for critical designs at very
high frequencies has not been validated.
bS parameters are from the linear equivalent circuit. Below 10 GHz, they have been fit to measurements of die on
a standard carrier with one bond wire to the base and four wires to the emitter.
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Vn = √4 × 4.2 × 10−21 × 200

= 1.833 × 10−9 V√Hz $%�&/E'
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Figure 5-71 Noise sideband of an oscillator at 150 MHz as a function of the loaded Q of the resonator.

Figure 5-72 Noise-sideband performance as a function of the flicker frequency fc varying from 10 Hz
to 10 kHz.
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Figure 5-73 Noise-sideband performance of an oscillator at 150 MHz, showing the influence of various
tuning diodes.
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Figure 5-75 The VCO schematic. Because the tuning diode is in series with the resonator, it passes
all of the tank’s RF current and plays a disproportionately large role in determining the circuit’s
phase-noise performance.

Figure 5-76 Graphing the tuning diode’s ac load line reveals that increasing the diode’s tuning bias
(decreasing its capacitance) results in a disproportionally large increase in the RF voltage across the
diode. At all tuning voltages, the RF voltage across the diode is slightly positive (relative to the anode)
during part of each cycle.
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Figure 5-77 Adding capacitance across the tuning diode reduces the effect of its nonlinearities on
phase-noise performance. We have also revalued the resonator to 120 nH to maintain oscillation near
147 MHz.

Figure 5-78 Now that the tuning diode passes only part of the tank’s RF current, varying its capacitance
does not result in the large change in phase-noise performance shown in Figure 5-74. Note also that the
phase-noise-versus-tuning-bias relationship has reversed relative to that shown in Figure 5-74: The
highest tuning voltage now corresponds to the lowest phase noise.
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Figure 5-79 The ac load line for the tuning diode in Figure 5-77. Now the voltage swing across the
diode is virtually the same at all tuning voltages. The RF voltage across the diode still goes positive
(relative to the anode) during part of the cycle.

Figure 5-80 Tank circuit reconfigured as per Figure 5-54 to lightly couple the tuning diode in parallel
with the resonator, with the resonator inductance again decreased to maintain oscillation near 147 MHz.
The 1000-pF capacitor and gate choke of Figure 5-75 (5.6 µH in series with 330 Ω) are no longer needed.
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Figure 5-81 Comparison of worst-case phase-noise performance obtained with the tank configurations
of Figures 5-75 (Original), 5-77 (Rev 1), and 5-80 (Rev 2).

Figure 5-82 Comparison of the tuning diode’s ac load line for the worst-case phase-noise curves of
Figure 5-79.
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Figure 5-83 Comparison of noise-sideband performances of a crystal oscillator, LC oscillator, cavity-
tuned oscillator, switched-reactance oscillator, and YIG oscillator.
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5-6-3 Nonlinear Approach to the Calculation of Oscillator Phase Noise
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Figure 5-84 Equivalent circuit of a general noisy nonlinear network.
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Figure 5-85 Oscillator noise components.
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Conversion Noise Analysis. 	#�	������	
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�����	���	��	��������	��	����	�����

$������	@����	2� '	��	��	��������

'���&
�������'��(����

〈|δΦk(ω)|
2〉 = 

Nk(ω) − N−k(ω) − 2 Re[Ck(ω)]

R|Ik
SS|2

$%�&/8'

Figure 5-86 Noise sources where the noise at each sideband contributes to the output noise at the IF
through frequency conversion.

Figure 5-87 Noise mechanisms.
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Modulation Noise Analysis
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Figure 5-89 Abbreviated circuit of a 10-MHz crystal oscillator.

Figure 5-90 Measured phase noise for this frequency standard by HP.
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Figure 5-91 Simulated phase noise of the oscillator shown in Figure 5-89.
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Figure 5-92 Colpitts oscillator that uses RF negative feedback between the emitter and capacitive
voltage divider. To be realistic, we used actual components rather than ideal ones. The suppliers for the
capacitors and inductors provide some typical values for the parasitics. The major changes are 0.8 nH
and 0.25 Ω in series with the capacitors. The same thing applies for the main inductance, which has a
parasitic connection inductance of 0.2 nH in series with a 0.25-Ω resistance. These types of parasitics
are valid for a fairly large range of components assembled in surface-mount applications. Most engineers
model the circuit only by assuming lossy devices, not adding these important parasitics. One of the
side-effects we have noticed is that the output power is more realistic and, needless to say, the simulated
phase noise agrees quite well with measured data. This circuit can also serve as an example for modeling
amplifiers and mixers using surface-mount components.
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5-7 OSCILLATORS IN PRACTICE

5-7-1 Oscillator Specifications
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Figure 5-99 Schematic of the Siemens IC oscillator.
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Figure 5-101 Basic push–pull oscillator underlying the circuit shown in Figure 5-99.
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Figure 5-103 A 1.04-GHz push–pull oscillator using LDMOS FETs instead of BJTs. (LDMOS FET
parameters courtesy of David K. Lovelace, Motorola, Inc.)

Figure 5-104 Phase-noise comparison of the BJT and MOSFET oscillators.
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Figure 5-105 A 1.022-GHz IC oscillator based on two differential amplifiers. With an RF signal fed to
the bases of Q1−Q4 and Q2−Q3 in push–pull, and IF output extracted from the collectors of Q1−Q3 and
Q2−Q4 in push–pull, the circuit would act as a Gilbert cell converter. In the circuit shown, we have modified
the differential amplifiers’ collector circuitry to give single-ended output and avoid cancellation of the
oscillator signal.

820  RF/WIRELESS OSCILLATORS



F
ig

u
re

 5
-1

06
 

P
ha

se
 n

oi
se

 o
f t

he
 tw

o-
di

ffe
re

nt
ia

l-a
m

pl
ifi

er
 o

sc
ill

at
or

 c
irc

ui
t.

821



��������	��	�����.�
����	&HC�333	

/�	�����	��	[&BN	��	�	�������	)*�	"��	O���	���������

��	��������	*	�����	�	�����	%D	���	��������	��	�	������	����	/3	��	������	�	���	����

�����

#�	�����
�	���	��	�*7	�����	���	��	������	���������	������	��	.�����	�������


����	���������	$����A	\3�3E	����	
���	.�����	������	��
�����W'�	)�	
���	�	������

���	����	��	���	�	�����������	���������	��	�����	+*(	����	��	������	��	����������	#���

���	.������	��	@�����	%�H�/�	#��	�����
�	��	���	�����	��	�������D	���	�����	��	O���

�����	"����	%�&&3	�����	��	�� 	�����������	��	�������	����������	���	���������	��
����

��	��	������	����������D	�������	�������	���������	������	�����	�	������	���	������	��

����	���	*�	=���	�
����	���	��	������	�����	�����	��	��	&�&��0	��������	���	��	�	&&

�0	������W	)�	�����	��
����	��	)*	����	���	������	��	)*	����	��	����

Figure 5-107 This validation circuit models the oscillator topology at the core of Motorola’s MC12148
ECL oscillator IC.
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5-8 DESIGN OF RF OSCILLATORS USING CAD

5-8-1 Harmonic-Balance Simulation
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Figure 5-110 Same-scale comparison of space requirements for transistors, capacitors, inductors, and
bond pads. For reference purposes, the coil diameter is 0.2 mm.
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STANDARD HARMONIC BALANCE

Figure 5-112 Flowchart of a general-purpose harmonic-balance design algorithm that includes opti-
mization.

Figure 5-111 MESFET circuit partitioned into linear and nonlinear subcircuits for harmonic-balance
analysis. Applied gate and drain voltages, and relevant terminal voltages and currents, are indicated.
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Figure 5-115 S11 response of a 3.8-GHz BJT DRO as modeled by Ansoft’s Super-Spice time-domain
simulator.

Figure 5-114 Calculated phase noise of the microwave BJT oscillator shown in Figure 5-113.
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5-8-2 Time-Domain Simulation
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5-9 PHASE-NOISE IMPROVEMENTS OF INTEGRATED RF AND
MILLIMETER-WAVE OSCILLATORS

5-9-1 Introduction
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5-9-2 Review of Noise Analysis
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Figure 5-118 Reduction of transistor flicker-of-phase noise via use of local negative feedback (emitter
resistance), showing, for a BJT, the flicker noise or corner frequency, as well as the phase noise that
results from the flicker noise. The negative feedback from the unbypassed emitter resistor reduces the
flicker noise by up to 40 dB [26, 27].
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Figure 5-119 AFC stabilization of an external oscillator.
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5-9-5 Applications to Integrated Oscillators
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Figure 5-120 Display of a typical phase-noise measurement using the delay line principle. This method
is only applicable where x = sin(x). The measurements above the solid line violate this relationship and
therefore are not valid.
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Figure 5-121 Dynamic range as a function of cable delay. A delay of 1 µs is ideal for microwave
frequencies.

Figure 5-122 Noise reduction in an oscillator whose signal flicker-of-frequency noise is primarily due
to sustaining stage flicker-of-phase noise. A phase perturbation in the sustaining stage produces a
frequency change in the oscillator, which produces a change in the signal phase shift through the
resonator detected as the phase detector. The resonator may be operated simultaneously in transmission
line and reflection modes in the oscillator in the oscillator and discriminator portions of the circuit,
respectively.
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(a)

(b)

Figure 5-123 BJT-based oscillators with noise feedback. (a) The noise sampling is done in the transistor
emitter; (b) the noise sampling is done in the collector using a variation of the active biasing circuit shown
in Figure 5-124.
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Figure 5-124 Phase noise of the oscillator in Figure 5-123a with and without noise feedback.

Figure 5-125 Layout of the Motorola 800-MHz monolithic differential oscillator IC in Si technology.
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Figure 5-127 Layout of the Ka-band voltage-controlled oscillator.
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Figure 5-129 Phase-noise performance of a 38-GHz oscillator with phase-noise “clean-up” system.

Figure 5-128 Spectrogram of the 38-GHz free-running push–pull VCO shown in Figure 5-127.
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Figure 5-130 A 47-GHz loop-stabilized VCO with phase-noise performance similar to that of Figure
5-129.
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6

WIRELESS SYNTHESIZERS

6-1 INTRODUCTION
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6-2 PHASE-LOCKED LOOPS

6-2-1 PLL Basics
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Figure 6-1 Block diagram of an integrated frequency synthesizer. In this case, the designer has control
over the VCO and the loop filter; the reference oscillator is part of the chip. In most cases (up to 2.5 GHz),
the dual-modulus prescaler is also inside the chip.

Figure 6-2 Block diagram of a single-loop synthesizer.
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Figure 6-3 Block diagram of a linearized model of a PLL.
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Figure 6-4 Edge-triggered JK master–slave flip-flop.
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Figure 6-5 Performance of the JK phase/frequency comparator for different input signals.

Figure 6-6 Phase-detector output for two input frequencies that are substantially different.

854  WIRELESS SYNTHESIZERS



��
�����
����
"��
���'�������
���
�"���
��
�����
��
����
��
)�	���
/�=�
��
���������

����
��
���
�������
��������
��
�����
�������
����
��
����
����
�2
��
-7M
�	��
���
�-
���
��
����
�����
��
���	��	
������������
"������
7M
���
-77M�
���������
��
��
�����	��

����
����
�
��������
���
�
����
�'���
��
��
����������
��
"��
���'��������
��
����
����

����
��
��
���
������
���
���������
��
��
����
����
"��
���'�������
���
����������
��
8L

���������
"�����
��
����
��
��
�D��������$+
	����
)���
���
�����������
��
���
"�
���������

����
����
���
����0���'�����
����������
���
��������
��
�D�����
��
��
������
��
��
���

�
����
������"��
������
���
���������
��������
"������
��
��
�����������
��
���
"������
�����

��
�����

Digital Tristate Comparators. ��
��	����
��������
����0���'�����
����������
��
���"�

�"��
 ��
����
 �����������
����
���
����
 ���������
 ��D�
 ��
 ��
 ������0���
 �����������

F����	
��
���������	
���
�D��������$+
	���
����
���������
���
����
�������������
��

��������
����0���'�����
����������
���
"�
����
�������
C���
��
�����
����
�
������0���

����������
������������
�����
"�
�����
��
���
"�
��������
��
���
��
���������
�����������
��

�����
��
����������
"��
��
��
	��������
�����"������
3�������������
��
��������
������
��
����

������D
���
����
�
���"��
��
�������
���������
&��
�
��	����
��������
����������
��

����
��
)�	���
/�?
����	
���
%
����������
���
�
5F5%
	����
��
&2
������
��	���
��
��������

���
 ��
 ��������
 �������
��
���������
��
 ���
 ��	��
�������
 ��
 �������
��������
����	
 ��

����������������
���	����
��
����
��
)�	���
/�>�
��
%
���������
�������
	�
�	
��
��

������	
��	�
��
����
����������
�����
������
���
������
�	
�����
���
���
������
��
�����

Figure 6-7 Performance of the phase detector for small frequency differences.

Figure 6-8 Phase detector with two D flip-flops and a NAND gate. In this book, this type of phase
detector will be called a tristate comparator.
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Figure 6-9 Logic diagram of the tristate detector.
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Figure 6-10 Transfer characteristic of the tristate phase/frequency comparator.

Figure 6-11 Output waveform of the tristate frequency comparator for different input frequencies.
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Figure 6-12 Average output voltage as a function of frequency ratio.

Figure 6-13 Example of a quad-D circuit.
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Figure 6-14 Block diagram of CD4046 phase/frequency comparator. (Courtesy of Motorola Semicon-
ductor Products, Inc.)
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Figure 6-15 Block diagram of Motorola MC12040 phase/frequency comparator. (Courtesy of Motorola
Semiconductor Products, Inc.)
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Figure 6-16 Possible version of tristate phase/frequency comparator.
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Figure 6-18 Output of phase/frequency detector with antibacklash circuit.

Figure 6-19 Response of phase/frequency detector near loop lock, resulting in a dead zone.
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Figure 6-20 Schematic diagram of a typical passive RC filter.

Figure 6-21 Schematic diagram of an active filter for a second-order loop.
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Figure 6-22 Schematic diagram of an active filter for a third-order loop.

Figure 6-23 The error response of a Type 1 second-order PLL to unit-step change in frequency for
various damping ratios ζ with K constant. The steady-state error 2ζ / ω = 1 / K.
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Figure 6-24 The error response of a Type 2 second-order PLL to unit-step change in frequency for
various damping ratios ζ with ωn constant. The steady-state error is zero.
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Figure 6-25 Block diagram of the Philips UMA1018M dual-synthesizer chip.
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Figure 6-26 Block diagram of a typical UMA1018M application.

Figure 6-27 Schematic of a typical UMA1018M application.
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Figure 6-28 Close-in noise of a UMA1018M-based system (principal synthesizer).

Figure 6-29 Wideband output spectrum of a UMA1018M-based system (principal synthesizer) showing
reference-frequency breakthrough.
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R4 = 
VR5 − VT × ln(isource / ip max)

isource

�/�B7�

R9 = 
VR8 − VT × ln(isink / in max)

isink

�/�B-�

R5 = 
VR5 × (βp + 1)

ip max × (βp + 1) − isource

�/�B2�

Figure 6-30 A basic charge-pump PLL.

Figure 6-31 External charge-pump current source.
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Figure 6-32 Schematic of the second-order loop filter.
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Figure 6-33 Third-order loop filter for greater reference-energy suppression.
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6-2-5 How to Do a Practical PLL Design Using CAD
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Figure 6-34 To design a PLL, begin with a suitable CAD-generated oscillator. This 900-MHz circuit is
similar to that of the ceramic-resonator oscillator shown in Figure 5-33. TRL1, TRL2, and TRL3 are coupled
transmission lines; the resonator, TRL1, is slightly less than λ/4 at the operating frequency. TRL2 provides
feedback, and TRL3 provides output coupling. R1, R2, and R3 must be specified; CP must be determined
according to the desired tuned range.
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Figure 6-35 Predicted open- and closed-loop phase noise for the oscillator shown in Figure 6-34. The
portion of the closed-loop curve up to 20 kHz represents the phase noise of the loop’s crystal reference
oscillator multiplied up. The VCO operates at 900 MHz; the reference frequency is 200 kHz. For references
of 2 and 20 MHz, the phase noise would drop by 20 and 40 dB, respectively. See Table 6-1 and Figure
6-36.

Table 6-1 Phase noise v. reference frequency derived from a high-performance 50-MHz
crystal oscillator and multiplied to 880 MHz
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Figure 6-36 Result of dividing a 50-MHz standard oscillator down to different reference frequencies
and then multiplying these frequencies to 880 MHz. The continuing line below breakpoint F3 shows the
performance of the free-running 50-MHz oscillator.
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Figure 6-38 Bode plot for the PLL. The 30-kHz low-pass filter disallows a phase margin of 45° at f0;
instead, the margin is only about 20°.

Figure 6-37 CAD-generated loop filter design based on a reference frequency of 200 kHz, a loop
bandwidth of 20 kHz, and the optimum phase margin of 45°. We have arbitrarily included a 30-kHz
low-pass filter to illustrate its effects on loop performance.
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6-3 FRACTIONAL-N-DIVISION PLL SYNTHESIS

6-3-1 The Fractional-N Principle
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Figure 6-39 Lock-in response of the PLL. As a result of the insufficient phase margin, the loop is
underdamped and takes 322 µs to achieve lock.
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 = 

[17(1000 − 4) + (17 + 1) × 4]
1000

= 
16932 + 72

1000
 = 17.004
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Fo = 50 MHz × 
(16932 + 72)

1000

= 846.6 MHz + 3.6 MHz

= 850.2 MHz
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Figure 6-40 The filter frequency response/phase-noise analysis graph shows  the required attenuation
for the reference frequency of 50 MHz and the noise generated by the sigma-delta converter (three steps)
as a function of the offset frequency. It becomes apparent that the sigma-delta converter noise dominates
above 80 kHz unless attenuated.

Table 6-2 Modern spur-suppression methods
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Figure 6-41 Block diagram of the fractional-N synthesizer built using a custom IC capable of operation
at reference frequencies up to 150 MHz. The frequency is extensible up to 3 GHz using binary (÷2, ÷4,
÷8, etc.) and fixed-division counters.
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Figure 6-43 Measured phase noise of the fractional-N-division synthesizer using a custom-built,
high-performance 50-MHz crystal oscillator as reference, with the calculated degradation due to a noisy
reference plotted for comparison. Both synthesizer and spectrum analyzer use the same reference.

Figure 6-44 Measured phase noise of an 880-MHz synthesizer using a conventional synthesizer chip.
Comparing this to Figure 6-43, we see that a large improvement is possible using fractional-N-division
synthesizers, as shown in this product description.
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Figure 6-45 Custom-built phase detector with a noise floor of better than –168 dB. This phase detector
shows extremely low phase jitter.
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Figure 6-46 Result of fractional spur measurement for an LMX2350-based synthesizer. The spurs at
±40 kHz are –69.1 dBc (fractional compensation = 4/16); the center frequency is 1.964964 GHz.
(Reprinted with permission of National Semiconductor Corporation.)
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Figure 6-47 Result of lock time measurement for an LMX2350 based synthesizers (Reprinted with
permission of National Semiconductor Corporation.)
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Figure 6-49 Synthesized waveform generated by direct digital synthesis.

Figure 6-50 Block diagram of a direct digital frequency synthesizer.
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Figure 6-51 Block diagram of a DDS system.

Figure 6-52 Functional block diagram of the Analog Devices AD7008 DDS modulator.

894  WIRELESS SYNTHESIZERS



Figure 6-54 Synthesizer used in the ICOM IC-736 HF/6-meter transceiver. The IC-736 combines the
DDS and PLL approaches.

Figure 6-53 Block diagram of a single-loop PLL synthesizer showing all the necessary components
for microwave and RF applications.
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Figure 6-55 Hybrid synthesizer that provides output at about 455 kHz, and from 75 to 105 MHz at
approximately 0.01-Hz resolution. This synthesizer uses a combination of a standard PLL and DDS.
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APPENDIX A

HBT HIGH-FREQUENCY
MODELING AND INTEGRATED

PARAMETER EXTRACTION 
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A-2 HIGH-FREQUENCY HBT MODELING
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A-2-1 dc and Small-Signal Model
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IB = IB(φ, Vbe, Vce, Tj(φ,Vbe, Vce)) ���0�!

IC = IC(φ, Vbe, Vce, Tj(φ,Vbe, Vce)) ���0�!

Figure A-1 The three parts of the equivalent circuit for the HBT model.

Figure A-2 A typical equivalent circuit representing package parasitics of HBTs.
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VBE = VBE(φ, Vbe, Vce, Tj(φ,Vbe, Vce)) ���0�!

VCE = VCE(φ, Vbe, Vce, Tj(φ,Vbe, Vce)) ���0
!
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Figure A-3 Schematic of the intrinsic, extrinsic, and thermal circuits for the HBT model.
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A-2-2 Linearized T Model
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Figure A-4 The linearized T model for small-signal and noise calculations.
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A-2-3 Linearized Hybrid-π Model
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A-3 INTEGRATED PARAMETER EXTRACTION
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Figure A-5 The linearized hybrid-π model for small-signal and noise calculations.
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A-3-1 Formulation of Integrated Parameter Extraction
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A-4 NOISE MODEL VALIDATION
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Figure A-6 Flowchart for model optimization.
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(a)

(b)

Figure A-7 Comparison of measured and modeled (Ansoft model and SPICE) noise parameters: (a)
Fmin and (b) Rn as a function of frequency for VCE = 2.0 V and IB = 428 µA.
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(a)

(b)
Figure A-8 Bias dependency of the noise parameters versus collector current at 10 GHz, with bias at
VCE = 2 V and IB varied from 50 to 200 µA. The graphs are (a) noise figure, (b) RN, (c) |Γopt|, and (d)
∠|Γopt|.
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(c)

(d)
Figure A-8 (Continued)
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A-5 PARAMETER EXTRACTION OF AN HBT MODEL

B���������������	�����	�� ����
������������
�������	�������	������
�T���
�����������

�	�*����	���<"

���� 
��� ���
� ���� ��������� �������	� �	���
�� 
�� ���������	�� �� H@� ���	��� �	


��������������������	���	
�	��������������	����7���������	���	
�08����$��	����"��#�

��
��������������
E�(�
���0����	��
���	
���������������������	���	
�(�
���<����	�


��������������� �	
� 	��������������	�"� ������
���
� �	
��������
� 
�� �����	���� ���

����
��	�+��������0@"�������
���
��	
��������
����������������������������	�����

���#	��	�+���������00����������0>"�������
���
��	
��������
���	�����	��������������

�������������	���������#	��	�+���������0:����������0H"�+����+���������00����������0>

#����	�����������
�������	�����	
����������������������
���������������������	�

���&�#���"���#���������	����������	�������(�
���<�������������������������������	�

��	���������(�
���0��#�����������������
��	�+���������0:����������0H"�3��������
���

�������
�����	������	��&�����	��������
����	��(�
���<�#���������
��������������������������

��	�(�
���0"

Figure A-9 Temperature dependency of the noise figure at 10 GHz, with the device biased at VCE = 1
V and IB = 100 µA. Temperature was varied from 20 to 100 °C.
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(b)

(a)

Figure A-10 Measured (discrete points) and modeled (solid lines) dc I–V curves of (a) Model 1 and
(b) Model 2.
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(a)

(b)
Figure A-11 Measured (discrete points) and modeled (solid lines) S parameters of (a) Model 1 and (b)
Model 2 at bias point IB = 0.3 mA and VCE = 1 V.
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(a)

(b)

Figure A-12 Measured (discrete points) and modeled (solid lines) S parameters of (a) Model 1 and (b)
Model 2 at bias point IB = 0.3 mA and VCE = 2 V.
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(a)

(b)

Figure A-13 Measured (discrete points) and modeled (solid lines) S parameters of (a) Model 1 and (b)
Model 2 at bias point IB = 0.3 mA and VCE = 3 V.
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(a)

(b)

Figure A-14 Measured (discrete points) and modeled (solid lines) minimum noise figures of (a) Model
1 and (b) Model 2 at bias point IB = 0.3 mA and VCE = 1 V.
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(a)

(b)

Figure A-15 Measured (discrete points) and modeled (solid lines) minimum noise figures of (a) Model
1 and (b) Model 2 at bias point IB = 0.3 mA and VCE = 2 V.
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(a)

(b)

Figure A-16 Measured (discrete points) and modeled (solid lines) minimum noise figures of (a) Model
1 and (b) Model 2 at bias point IB = 0.3 mA and VCE = 3 V.
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APPENDIX B

NONLINEAR MICROWAVE
CIRCUIT DESIGN USING

MULTIHARMONIC LOAD-PULL
SIMULATION TECHNIQUE 

NONLINEAR MICROWAVE CIRCUIT DESIGN
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B-2 MULTIHARMONIC LOAD-PULL SIMULATION USING HARMONIC
BALANCE

B-2-1 Formulation of Multiharmonic Load-Pull Simulation
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B-2-2 Systematic Design Procedure
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Figure B-1 Circuit topology for multiharmonic load-pull simulation.
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Figure B-2 Circuit schematic of a typical two-port nonlinear circuit.

Figure B-3 Flowchart of design procedure using multiharmonic load-pull simulation.
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B-3 APPLICATION OF MULTIHARMONIC LOAD-PULL SIMULATION

B-3-1 Narrowband Power Amplifier Design
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Figure B-4 Circuit topology for the amplifier design using multiharmonic load-pull simulation.
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Figure B-5 Load-pull contours of (a) power gain (dB) and (b) PAE (%) of Amplifier 1 obtained from
fundamental load-pull simulation.
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Figure B-6 Output power spectrum of Amplifier 1 when Z2(ω0) = Z2o(ω0).

Figure B-7 Power gain versus the phase of Γ2(2ω0) for Amplifier 1.
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Figure B-8 Load-pull contours of (a) power gain (dB) and (b) PAE (%) of Amplifier 2 obtained from
fundamental load-pull simulation.
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Figure B-9 Output power spectrum of Amplifier 2 when Z2(ω0) = Z2o(ω0).
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Figure B-10 Load-pull contours of PAE (%) of Amplifier 2 obtained from the second-harmonic load-pull
simulation.

Figure B-11 PAE versus the phase of Γ2(2ω0) for Amplifier 2.
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Figure B-12 Output power spectrum of Amplifier 2 when Z2(ω0) = Z2o(ω0) and Z2(2ω0) = Z2o(2ω0).
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Figure B-13 Output power spectrum of Amplifier 2 at the final design.

Figure B-14 Circuit topology for frequency doubler design using multiharmonic load-pull simulation.
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Figure B-15 Contours of spectral purity (dB) with respect to the fundamental impedance of Tuner 2
[Γ2(ω0)] obtained from fundamental load-pull simulation of the frequency doubler.
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Figure B-17 Contours of conversion gain (dB) with respect to the fundamental impedance of Tuner 1
[Γ1(ω0)] obtained from fundamental source-pull simulation of the frequency doubler.

Figure B-16 Contours of spectral purity (dB) with respect to the second-harmonic impedance of Tuner
2 [Γ2(2ω0)) obtained from the second-harmonic load-pull simulation of the frequency doubler.
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Figure B-18 Input and output voltage waveforms of the frequency doubler under the optimal termination
conditions.
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