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Active RF and Microwave Devices

* Diodes and Diode Circuits
* Bipolar Junction Transistors
* Field Effect Transistors
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Introduction

* Active devices include diodes, transistors, and electron tubes, which
can be used for signal detection, mixing, amplification, frequency
multiplication, and switching, and as sources of RF and microwave
signals.

« it will be adequate to work with the terminal characteristics of diodes
and transistors using equivalent circuits or scattering parameters.

* These results will be used to study some basic diode detector and
control circuits; for the design of amplifier, mixer, and oscillator
circuits using diodes and transistors.

self veading.
History (1)

e The first detector diode was probably the “cat-whisker” crystal detector used in
early radio work of the nineteenth century.

 The advent of electron tubes used as detectors and amplifiers later eliminated this
component in most radio systems, but crystal diodes were used by Southworth in
his 1930s experiments with waveguides since tube detectors could not operate at
such high frequencies.

« Frequency conversion and heterodyning were also first developed for radio
applications in the 1920s.

» But it was not until the 1960s that the subject of microwave semiconductor
devices saw significant progress.

« The invention of the gallium arsenide field effect transistor (FET) in the late 1960s
was one of the most far-reaching developments in modern microwave engineering.

 RF and microwave transistors are critical components in wireless systems, finding
application as amplifiers, oscillators, switches, phase shifters, mixers, and active

filters. ><
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History (2)

* Monolithic microwave integrated circuits (MMICs) combine
transmission lines, active devices, and other components on a
semiconductor substrate.

* The first single-function MMICs were developed in the late 1960s, but
more sophisticated circuits and subsystems, such as multistage FET
amplifiers, transmit/receive radar modules, front ends for wireless

products, and many other circuits, are now being fabricated as
MMICs.

* The trend is toward MMICs having higher performance, lower power
requirements, greater complexity, and lower cost.

* Three types of semiconductors typically used in active circuits:
v'Si: has highest thermal conductivity = high power devices.
v'GaAs: has highest electron mobility = low loss devices.

vInP (Indium phosphide) maximum drift velocity of e! = highest
frequency devices.

Properties of semiconductor | Si GaAs | InP
Electron mobility [m?/V ] 0.07 0.45 0.32

Highest electron velocity
(saturation velocity) [m/s]

Saturation field [V/m] 2000 400 1200
Thermal conductance [Wm/°C]| 1.45x10-2 | 4.4x10-3 | 6.8x10-3

103 1.7x10° | 2.5x105
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Diodes and Diode Circuits

* A diode is a two-terminal semiconductor device having a nonlinear V—
I relationship. This nonlinearity can be exploited for the useful
functions of signal detection, demodulation, switching, frequency
multiplication, and oscillation.

* RF and microwave diodes can be packaged as axial or beam lead
components or as surface mountable chips, or be monolithically
integrated with other components on a single semiconductor substrate.

Schottky Diodes and Detectors

* The classical pn junction diode commonly used at low frequencies has
a relatively large junction capacitance that makes it unsuitable for high
frequency application.

 The Schottky barrier diode, however, relies on a semiconductor—metal
Jjunction that results in a much lower junction capacitance, allowing
operation at higher frequencies.

« Commercially available microwave Schottky diodes generally use n-

type gallium arsenide (GaAs) material, while lower frequency
versions may use n-type silicon.

* Schottky diodes are often biased with a small DC forward current, but
can be used without bias.
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Application of Schottky Diodes

* The primary application of Schottky diodes is in frequency conversion

of an input signal.

* The three basic frequency conversion operations of rectification
(conversion to DC), detection (demodulation of an amplitude-
modulated signal), and mixing (frequency shifting).

* = * — Modulation
RF DC Modulated
RF
;» l‘——»
l Jrr 4 4 Jrr 4 fm 4
Rectification Detection

4 RF IF
, = , ~_ ; t_1_,
] Jer Lo e ~Jro Jur * Jio

' Jo 3

Mixing

V-I Characteristics of a Schottky Diode

« A junction diode can be modeled as a nonlinear resistor, with a small-

signal V-I relationship expressed as;
IV)=LeV -1 a=gq/nkT

Typically, L is between 10¢and 10 A, and a = ¢/nkT is approximately 1/(25
mV) for T=290 K. .

The ideality factor (n) depends on the structure of the diode, and can vary
from about 1.05 for Schottky barrier diodes to about 2.0 for point-contact

silicon diodes. I, R,
O—t"YYY\ WW
R;is the junction resistance of the diode, * _l_
Gy = IR, is called the dynamic ¥ Cp R(V) =
conductance of the diode. - T
[o

q is the charge of an electron,
k is Boltzmann's constant,

T is temperature,

n is the ideality factor,

and L, is the saturation current.

38

14

=G & .

10

Scanned by CamScanner



Small-Signal Approximation

* Small-signal approximation: Let the diode voltage be expressed as V' = Vo +v

* The small-signal approximation is based on the DC voltage—current
relationship and shows that the equivalent circuit of a diode will involve a
nonlinear resistance.

* In practice, hbwever, the AC characteristics of a diode also involve reactive
effects due to the structure and packaging of the diode.

* The leads or contacts of the diode package are modeled as a series
inductance (L) and shunt capacitance, C.,.

* The series resistor (R,) accounts for contact and current-spreading
resistance.

* The junction capacitance (C;) and the junction resistance (R;) are bias
dependent.

11

Parameters for Some Commercial Schottky

Diodes
Schottky Diode Is (A) Rs () C; (pF) Ls (nH) Cp (pF)
Skyworks SMS1546 3x 1077 4 038 1.0 0.07
Skyworks SMS7630 5x 1076 20 0.14 0.05 0.005
Avago HSMS2800 3x1078 30 1.6 = .
Macom MA4E2054 3x 1078 1 0.1 — 0.11

12
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Relative amplitude
of detector output

Diode Rectifiers

* In a rectifier application, a diode is used to convert a fraction of an RF
input signal to DC power.

* Rectification is a very common function and is used for power
monitors, automatic gain control circuits, and signal strength
indicators.

* The total diode voltage consists of a DC bias voltage and a small-
signal RF voltage = V = Vo + vp cos wot

* The output also contains AC signals of frequency ey, and 2w, (as well as higher order harmonics), which are
usually filtered out with a simple low-pass filter. A current sensitivity, p;, can be defined as a measure of the

change in the DC output current for a given RF input power. )
* An open-circuit voltage sensitivity, B, (typical range from 400 to 1500 mV/mW), can be defined in terms of

the voltage drop across the junction resistance when the diode is open circuited.
Al G .
Bi="% = 4 AW aGy =G} By = BiR;
Py 2G4

Diode Detectors

« In a detector application the nonlinearity of a diode is used to
demodulate an amplitude modulated (AM) RF carrier.

i i can be expressed as; vhere o, is the modulation
* In this case, the diode voltage p o e i il

v(t) = vo(1 + m coswpt) coswpt  frequency (o, >> ®,), and m is
defined as the modulation index (0 <

1 <
Output spectrum of a detected AM signal m<1)
Frequency Relative Amplitude
‘ 0 14 m2/2
W Zm
2wm ""2/ 2
| t ’ ) | - 2wy L+m?)2
0 3'3! ?t - f‘ ';s ‘T_s § f! g! @ 21:'100 :w,,,) 2,/ .
L.g ¥ wQ Wy m=
¢ d £&f ¢ )(
(2] o

Scanned by CamScanner



Square-law Region for a Typical Diode Detector

* The desired demodulated output of frequency 108 Eoge
®, is easily separated from the undesired

frequency components with a low-pass filter. ik

* Observe that the amplitude of this current is R . g
proportional to the square of the input signal ' i g
voltage, and hence the input signal power. 10mV |- Vou ~ 75~ P

* This square-law behavior is the usual operating  1wv[-
condition for detector diodes, but it can be
obtained only over a restricted range of input 10#V[-
power. 10 2V

* If the input power is too large, small-signal
conditions will not agply, and the output will
become saturated an eiPproach a_linear, and
then a constant, i versus P characteristic.

The output voltage can be

* At very low signal levels the input signal will considered s the voltage
be lost'in the noise floor of the device. o (oot Pt

series with the diode >(

Noise level

i F g g e JopPy
40 30 -20 -10 © 10 20 30 40 (dBw

UL

Spectrum Analyzer

o A spectrum analyzer gives a frequency domain representation of a signal
displaying the avéage %ower densg?' versus frequency. Thus, its function is dua
to that of an oscilloscope, which displays a time domain representation of a signal.

+ A spectrum analyzer s basically a sensitive receiver that tunes over a specified
frequency band and gives a video output that is proportional to the signal power in

a narrow bandwidth.

« Spectrum analyzers are invaluable for measuring modulation products, harmonic
and intermoduf;tion distortion, noise, and interference effects.

Y1G-tuned 1IF Amp. Video
filter Mixer LP filter (log) Detector amp.

Input & *
Variable D l > I
attenuator = | I_.ﬂ.
v
Simplified Block Diagram Ec?lhtor .
of a Spectrum Analyzer : L
Tuning -
control Display
Sweep 4 16
generator |l 4.4.4
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* A microwave spectrum analyzer can typically cover any frequency band in the range of several
hundred megahertz to tens of gigahertz:

. ;l“hi: I{r/le uency resolution is set by the IF bandwidth, and is typically adjustable from about 100 Hz
o z.

* A sweep generator is_used to repetitively scan the receiver over the desired frequency band by
adjusting the local oscillator frequency, and to provide horizontal deflection of the display.

. ﬁ-]n important part of a modern spectrum analyzer is the YIG-tuned bandpass filter at the input to
€ mixer.

« This filter is_tuned along with the local oscillator, and acts as a pre-selector to reduce spurious
intermodulation products.

* An IF amplifier with a logarithmic response is generally used to accommodate a wide dynamic
range.

« Modern spectrum analyzers usually contain a computer to control the system and the measurement
process.

« This improves performance and makes the analyzer more versatile, but can be a disadvantage in
that the computer can sometimes remove the user from the physical reality of the measurement.

17

PIN Diodes and Control Circuits

« Switches are used extensively in microwave systems for directing signal or
power flow between components.

« Switches can also be used to construct other types of control circuits, such
as phase shifters and attenuators.

» Mechanical switches can be made in waveguide or coaxial form, and can
handle high powers but are bulky and slow.

« PIN diodes, however, can be used to construct an electronic switchin
element easily integrated with planar circuitry and capable of high-spee
operation.

« Switching speeds typically range from 1 to 10 us, although speeds as fast as
20 ns aregpogsible tv’(rlljth ca¥eful %lesign of the diélde driving}:ir%uit.

» PIN diodes can also be used as power limiters, modulators, and variable
attenuators.

18
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PIN Diode Characteristics

* A PIN diode contains an intrinsic (lightly doped) layer between the p and n
semiconductor layers.

* When reverse biased, a small series junction capacitance leads to a relatively high
diode impedance, while a forward bias current removes the junction capacitance
and leaves the diode in a low-impedance state.

* These characteristics make the PIN diode a useful RF switching element.

* The parasitic inductance, Li , is typically less than 1 nH. The reverse resistance, Rr
, 1 usually small relative to the series reactance due to the junction capacitance
and is often ignored.

* The forward bias current is typically 10-30 mA, and the reverse bias voltage is
typically 10-60 V.

* The bias voltages must be applied to the diode with RF chokes and DC blocks for
isolation from the RF signal.

19

Parameters for Some Commercially Available
emeri e PIN Diodes
?a. CC’T / / ,

. ‘& CO-SL ® B
l. A eac & Y O Y Y
PIN Diode Equivalent circuits  Z, => == G Z=>
o AW o——AMA—
R, Ry
Reverse Bias State Forward Bias State
PIN Diode R f () C i (3]
ASI 8001 3.0 0.03
Skyworks DSG9500 4.0 0.025
Infineon BAS92 0.36 14
Microsemi UM9605 15 0.5

20
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Single-pole PIN Diode Switches (1)
v ”——O
* A PIN diode can be used in either a series or_a shunt doke
configuration to form a single-pole, single-throw RF switch. 1 3
* These circuits are shown in the next figure along with the , .
required bias networks. Series Configuration
* In the series configuration, the switch is ON when the diode
is forward biased, while in the shunt configuration the e
switch is ON when the diode is reverse biased.
* In both cases, input power is reflected when the switch is in e L
the OFF state. chokef. T D
+ The DC blocking capacitors should have a relatively low  — >
impedance at the operating frequency, while the RF ool _ z,
choke inductors should have a relatively high RF % s
impedance. & A, —
» In some designs, high-impedance quarter-wayvelength lines Shunt Co:ﬁguration

can be used in place of the chokes, to provide RF blocking.
21

Single-pole PIN Diode Switches (2)

« An ideal switch would have zero insertion loss in the ON state, and
infinite attenuation in the OFF state.

« Realistic switching elements, of course, result in some insertion loss
for the ON state and finite attenuation for the OFF state.

« Knowing the diode parameters for the equivalent circuits allows the
insertion loss for the ON and OFF states to be calculated for the series

and Shunt SWitCheS' 7= l Z, = R + j{wL; — 1/wCy) for reverse bias —# R)L&\C i senes.
d= Zy=Rs+ jol; for forward bias —"RY\L A 50{1‘35-

V, the actual load voltage, and V,, which is the load voltage that would appear if the switch Z, (the diode

rr
I = -20log I impedance for either the reverse or forward bias state) were absent.
Zy Z
2Zp ]
Z + . H_ = -—2 PO P 1t
¢ [ 0log 370t Zn‘l (series switch)
2 ¥, 2SSV, 2F Zz 2, SV 27
. -9 ¢ ld ‘St mL=-2 log F-E? (shunt switch)
= N a+ Zo
Series Switch Shunt Switch n

Z|_p diode v (reecse)-
f ( by wened).
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« The ON-state or OFF-state insertion loss of a switch can usually be
improved by adding an external reactance in series or in parallel \_mth
the diode, to compensate for the diode reactance. This technique
usually reduces the bandwidth, however.

» Several single-throw switches can be combined to form a variety of
multiple-pole and/or multiple-throw configurations.

« In operation, one diode is forward biased in the low-impedance state,
with the other diode reverse biased in the high-impedance state. The
input signal is switched from one output to the other by reversing the
diode bias states. The quarter-wave lines of the shunt circuit limit the
bandwidth of this configuration.

23

=
Series SPDT PIN Switch Shunt SPDT PIN Switch 'Wlej e 0’& {3

Output 1 : Output 2 | ‘. _-I I‘ ._»i Cduplgd((s .
Ouwput 1 * / * Output 2 (es d{\?’l?’w
/ 2

Input /

cheomt

Photograph of a SP3T GaAs PIN diode switch, operating
from 6 to 27 GHz. The diode chips are 15 mils square.
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Example: Single-Pole PIN Diode Switch |

« A single-pole switch operating at 1.8 GHz is to be constructed using a
Microsemi UM 9605 PIN diode with C; = 0.5 pF and R;= 1.5 Q. What
switch circuit (series or shunt) should be used to obtain the greatest
ratio of off-to-on attenuation? Assume that L; = 0.5 nH, R, = 2.0 €,

and Z, = 50 Q
> Solution: For the shunt circuit:
2 [ = Retiloli=1/uC)) =20-,1712Q 27,
T Zp =Ry joly =15+ /56 Q. Log = —20log |55 = .11 dB
r
For the series circuit: 2z
ILor = —20log A | =133dB
270 2Zs+ Zp
1Ly = —20log|=—————| =0.14dB .
220+ 2y The shunt configuration has the greatest difference
27 in attenuation between the ON and OFF states and
ILog = ~20log 2Zet 2] 6.0dB has the lowest ON insertion loss o]

13-3 6.0
g0 T 1)

PIN Diode Phase Shifters

« Several types of microwave phase shifters can be constructed with PIN diode
switching elements.

« Compared with ferrite phase shifters, digde phase shifters have the advantages of
small size, integrability with planar circuitry, and high speed.

« The power requirements for diode phase shifters, however, are generally greater
than those for a Jatching ferrite phase shifter because diodes require continuous
bias current, while a latching ferrite device requires only a pulsed current to
change its magnetic state.

« There are basically three types of PIN diode phase shifters: switched line, loaded
line, and reflection.

« The switched-line phase shifter, is the most straightforward type, using two single-

ole, double-throw switches to route the signal flow gnveen gone: of %wo
ransmission lines of different length.

« The differential phase shift between the two paths is given by

AP = B(€y — £1) Bisthe propagation constant of the line 2
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A Switched-line Phase Shifter

« If the transmission lines are TEM (or quasi-TEM, like microstrip), this
phase shift is a linear function of frequency, which implies a true time delay
between the input and output ports. This is a useful feature in wideband
systems. This type of phase shifter is also inherently reciprocal, and so it
can be used for both receive and transmit functions. The insertion loss of the
switched line phase shifter is equal to the loss of the SPDT switches plus

line losses.
In Out
I S

Switched-line Phase Shifter &

« Like many other types of phase shifters, the switched-line phase
shifter is usually designed for discrete binary phase shifts of ¢ = 1809,
90¢°, 45°, etc.

« One potential problem with this type of phase shifter is that resonances
can occur in the OFF line if its length is near a multiple of /2.

o The resonant frequency will be slightly shifted due to the series
junction capacitances of the reversed biased diodes, so the lengths ¢,
and ¢, should be determined with this effect taken into account.

r

.UU m 7« A design that is useful for small amounts of phase shift (generally 45°, or less) is

the loaded-line phase shifter

% z
where b = BZ,, is the normalized susceptance.
PR e 1 ¢ .19 —jb which can be made positive or negative, depending on the sign of b.

L+ +jb)  2+7b A disadvantage is the insertion loss that is inherently present due to the reflection

Tel+4l=—2 from the shunt load.

In addition, increasing b to obtain a larger ¢ entails a greater insertion loss.
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* The yeﬂecgions .fron_n the shunt susceptance can be reduced by using
the following circuit, where two shunt loads are separated by a A/4
length of line.

Ay — rea—_S—— O~ = +5

JB JB b
Z b2 ‘ Z = I 7 Z 2.~ 7, H'E)

* Then the partial reflection from the second load will be 180° out of
phase with the partial reflection from the first load, leading to
cancellation.

* The susceptance (B) can be implemented with a lumped inductor or
capacitor, or with a stub, and switched between two states with an
SPST diode switch.

—~ WA

/U'o} i/\chw(‘OL'
A Reflection Phase Shifter X

(A)L reﬂeFtlon-pr? ph'ase shifter using a quadrature hybrid: . — T*g
peration Principle: e 2
An input signal divides equally between the two right-hand ports of the hybrid. >< =
The diodes are both biased in the same state (forward or reverse biased), so the waves 2%

reflected from the two terminations will add in phase at the indicated output port. )
Turning the diodes on or off changes the total path length for both reflected waves by J
o, producing a phase shift of ¢ at the output.

Ideally, the diodes would look like short circuits in their ON state, and open circuits

in their OFF state, so that the reflection coefficients at the right side of the hybrid can

be written as I' = ei® *+®for the diodes in their ON state, and ' = ¢3¢ * 44 for the

diodes in their OFF state.
There is an infinite number of choices of line lengths that give the desired ¢ (i.e., the

value of ¢/2 is a degree of freedom).

w|g

o

iy i -1(

The bandwidth is optimized if the reflection coefficients for the two states are phase conjugates. Thus, if ¢ =
90°, the best bandwidth will be obtained for ¢ = 45°

The insertion loss is limited by the loss of the hybrid, as well as by the forward and reverse resistances of the

diodes.
Impedance transformation sections can be used to improve performance in this regard. }<

e —— A a—— S R —
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Varactor Diodes

The PIN diode has a junction capacitance that can be switched on or off with bias voltage.

This effect can be enhanced by tailoring the size and doping profile of the intrinsic layer
of .the_diode to provide a desired junction capacitance versus junction voltage (C vs. V
behavior when reverse biased.

* Such a device is called a varactor diode, and it produces a junction ca%acitance that varies
srlnoothl!y with bias voltage, thus providing an electrically adjustable reactive circuit
element:

* One of the most common applications of varactor diodes is to provide electronic
frequency tuning of the local oscillator in a multichannel receiver, such as those used in
cellular telephones, wireless local area network radios, and television receivers.

« This is accomplished by using a varactor diode in the resonant circuit of a transistor
oscillator, and controlling the DC reverse bias voltage applied to the diode.

* The nonlinearity of varactor diodes also makes them useful for frequency multipliers.

* Varactor diodes are generally made from silicon for RF applications, and gallium arsenide
for microwave applications.

Varactor Diode Equivalent Circuit

e A simplified equivalent circuit for a reverse-biased varactor diode is:
R
o——AMM—
s
vV =G

['o SENS———

« The junction capacitance is dependent on the (negative) junction bias voltage (V)

according to e - I
1) (1= V/Voy

where C,is the junction capacitance with no bias; V,=0.5 V for silicon diodes, and V,= 1.3 V for GaAs diodes.
The exponent y depends on the doping profile of the intrinsic layer of the diode. An ideal hyper-abrupt varactor
diode has y = 0.5; many practical diodes have an exponent of about y = 0.47, although the value can be as high
as 1.5 or 2.0 for some diodes.

In the equivalent circuit, R, is the series junction and contact resistance, typically on the order of a few ohms.

A typical GaAs varactor diode may have C,= 0.5 — 2.0 pF, and a junction capacitance that varies from about 0.1
to 2.0 pF as the bias voltage ranges from 20 to 0 V.

Parasitic reactances due to the diode package should be included in a realistic design. 2

Scanned by CamScanner



Nel ? Qwﬁy,
Other Diodes (1)

Gunn diodes: The operation of a Gunn diode is based on the transferred electron effect (also known as the
Gunn effect), which was discovered by J. B. Gunn in 1963.

Practical Gunn diodes typically use GaAs or InP materials in a specially doped bulk form, as opposed to a
traditional pn junction.

The Gunn diode has an I —V characteristic that exhibits a negative differential resistance (negative slope) that
can be used to generate RF power directly from a DC source when properly biased.

The region of negative differential resistance (negative slope) corresponds to the operating point of the device.
Gunn diodes can produce continuous power of up to several hundred milliwatts, at frequencies from 1 to 200
GHz, with efficiencies ranging from 5% to 15%.

Oscillator circuits using Gunn diodes require a high-Q resonant circuit or cavity, which is often tuned
mechanically.

Electronic tuning by bias adjustment is limited to 1% o less, but varactor diodes are sometimes included in the
resonant circuit to provide a greater range of electronic tuning.

Gunn diode sources are used extensively in low-cost applications such as traffic radars, motion detectors for

door openers and security alarms, and test and measurement systems.
1 Negative
differential
resistance

Other Diodes (2)

IMPATT diodes: An impact avalanche and transit time (IMPATT) diode has a physical structure similar to a
PIN diode, but is operated with a relatively high voltage (70-100 V) to produce a reverse-biased avalanche

breakdown current.
It exhibits a negative resistance over a broad frequency band that can extend into the submillimeter range, and it

can be used to directly convert DC to RF power.

IMPATT sources are generally noisier than Gunn diodes but are capable of higher powers and higher DC-to-RF
conversion efficiencies.

IMPATTs also have better temperature stability than Gunn diodes. Typical IMPATTs operate at frequencies from
10 to 300 GHz, with efficiencies ranging up to 15%.

IMPATT diodes are among the few practical solid-state devices that can provide fundamental frequency power
above 100 GHz.

IMPATT devices can also be used for frequency multiplication and amplification.

Silicon IMPATT diodes can provide CW power ranging from 10 W at 10 GHz to 1 W at 94 GHz, with
efficiencies typically below 10%.

GaAs IMPATTSs can provide CW power ranging from 20 W at 10 GHz to 5 mW at 130 GHz.

Pulsed operation generally results in higher powers and higher efficiencies. Because of the low efficiency of
these devices, thermal considerations are a limiting factor for both CW and pulsed operation.

IMPATT oscillators can be mechanically or electrically tuned.

A disadvantage of IMPATT oscillators is that their AM noise level is generally higher than that of other source%
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Other Diodes (3)

e Tunnel diodes:

« The tunnel diode, invented by L. Esaki in 1957, is a pn junction diode with
a doping Froﬁle that allows electron tunneling through a narrow energy
band gap, leading to negative resistance at high frequencies.

« Tunnel diodes can be used for oscillators as well as amplifiers.

« Before high-frequency transistors were_available, tunnel diodes provided
the only means of high-frequency amplification with a solid-state device.

* Such an amplifier employs the diode in a one-port reflection _circuit, where
the negative RF resistance of the device produces a reflection coefficient
with a magnitude greater than unity, and therefore amplification of an

incident signal.

« Such_amplifiers have been made obsolete by modern RF and microwave
transistors, but tunnel diodes are still used in Some applications today.

Other Diodes (4)

« BARITT diodes:

« A barrier injection transit time (BARITT) diode has a structure
similar to a junction transistor without a base contact.

« Like the IMPATT diode, it is a transit time device.

« It generally has a lower power capability than the IMPATT diode, but
the advantage of lower AM noise.

« This makes it useful for local oscillator applications at frequencies up
to 94 GHz.

e BARITT diodes are also useful for detector and mixer applications.

X
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Transistors

. T_r:}ansistors are three-terminal semiconductor devices, and can be categorized as
either:

* junction transistors or

* field effect transistors.

* Junction transistors include

Y'bipolar junction transistors (BJTs) that use a single semiconductor material
(usually silicon).

v heterojunction bipolar transistors (HBTs) that use compound semiconductors
such as GaAs, indium phosphide (InP), or silicon germanium (SiGe), often in
conjunction with thin layers of other materials (e.g., aluminum).

* Both npn and prp configurations are possible, but most RF junction transistors are
usually of the npn type due to higher electron mobility at higher frequencies.

37

‘ ﬁl‘po]m/ j\AS} ufe one walerial (silicon or &&(mam'm)-

uBT  use compowndl (Gals oc Sile).

. . //—/J'*L mpor famt ).
Bipolar Junction Transistors (wet important)

* is one of the oldest and most popular active RF devices in use today because
of its low cost and foocj operating performance in terms of frequency range,
power capacity, and noise characteristics.

« Silicon junction transistors are useful for amplifiers up to the range of 2-10
GHz, and in oscillators up to about 20 GHz.

» Bipolar transistors typically have very low (1/ f) noise characteristics,
making them well suited for oscillators with low-phase noise.

* Bipolar _junctiontransistors are sometimes preferred over FETs at
frecc{:[uencxes below about 2—4 GHz because of higher gain and lower cost,
and the possibility of biasing with a single power supply.

« Bipolar transistors are subject to shot noise as well as thermal noise effects,
so their noise figure is not as good as that of FETs.

B E B E B Emitter
= 4 12 3 P " 2 n 7 'y
Construction of a typical silicon bipolar : p—b“h'cL-.J' oA Im -

transistor having multiple fingers for the '
base and emitter electrodes. WP — ~150m
¢ Base Xé

Scanned by CamScanner



Small-signal equivalent circuit model for an
RF BJT

« The BJT is current driven, with the base current modulating the
collector current.

 The upper frequency limit of the bipolar transistor is controlled
primarily by the base length, which is typically on the order of 0.1 pm.

« Hybrid-n model, is popular because of its similarity to the equivalent
circuit of a FET, and because of its utility in circuit analysis.

This model does Base Ko ?I‘ Collector
not include —"WW _|_+ i =
parasitic resistances Rx g Co= ¥y q) 8V
and inductances . T A
due to the base and Emitter
emitter leads N . . o ; ;

Simplified hybrid-x equivalent circuit for a microwave bipolar

junction transistor in the common emitter configuration )<

o In many cases the capacitor (C,) between the base and collector in the
hybrid-n model, has a relatively small value and may be ignored.

« This has the effect of making S,, = 0, implying that power only flows in one
direction through the device (from port 1 to port 2); such a device is called
unilateral. This approximation is often used to simplify analysis.

« The hybrid-n model is roughly based on the physics of the junction
transistor, and can be useful under circumstances where the element values
of the model are fairly constant over a range of operating bias conditions,
load conditions, and frequency.

« Otherwise, the element values become frequency, bias, or load dependent,
in which case the hybrid-t model (or any other equivalent circuit model)
becomes much less useful.

40
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* It is simpler to treat the transistor as a two-port network,
characterized by two-port parameters. In practice, scattering
parameters, measured under typical operating conditions, are usually
used for this purpose and are supplied by the device manufacturer

+ Note that there are relatively large mismatches at the base (port 1) and the collector (port 2), and that the gain
(given roughly by |S.() drops quickly with an increase in frequency.
+ Also note that |Su| is relatively small (particularly at low frequencies), making the device approximately

: : the
unilateral. %, = g~ since the gomnzt € poct § mes °F(.,'.Mc
Frequency (GHZ) S S J S21 S22

0.1 0.78/-33°  0.03/71°  127/155°  093/-17° #C hgma ,‘MJ in g

05 046/-113°  008/52°  63[104°  053[-38° 6

10 038/-158°  0.11£54° 3.5/80° 0.40/—43° changl

20 0402157°  0.19456°  19/52° 0.33L-63° OL“C' to $e J

40 052/117°  0.38/45° L1214 0.33/-127° o apcl’ﬂ [ r’g_

Scattering Parameters for an NPN Silicon BJT (NEC NE ,5’ (eq uand;
58219, V.= 5.0 V, I,= 5.0 mA, common emitter) 1 !

« The upper frequency limit (f;) defined as the threshold frequency can
be estimated when the short-circuit current gain (G,5C) of the transistor
is unity.

« If we assume an input current I, at the base, and ignore the series base

resistance R,, (typically small), and the shunt resistance R, (typically
large), then the voltage across the capacitor C, is V= o JOC,

« The output short-circuit current at the collector is Iy, = g,V, , so the
short-circuit current gain is —seiiiFe

Iip B P oAn 'ﬁ’f,ﬂulc\ SL‘%’{‘ .

- The current gain is seen to decrease with frequency, and is unity at the
threshold frequency (f7)

> e have it
hen b @i
e s equal to wrigL"
o= A= e 2
Emiter InfrCr
bt |
% e
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* The biasing point for the transistor depends on the application and
type of device, with low collector currents generally giving the best
noise figure, and higher collector currents giving the best power

gain,
o Re
(ma) chokCe - .,
+Fpn T¥ee

75

! I=10ma Rg

—o
50 Ip=075mA o—oi
25 I3=0350mA
1;=025 mA o—

0 5 10 1§ 20 V(0
A typical bias and decoupling
circuit for a bipolar transistor in

a common emitter configuration

A typical DC operating characteristics for a BIT

43

AC model (hybrid) of a BJT used in Microwave amplifier:

Bast L CHbHARmSOE e Collegtar
B:—LB e | The e Lo c
' | + I ! : I
v LT = & oy ! :

: p 3| %)= | ! : :
=1
! 1
| e 1
! |
|  Emitter

- B
! I
Eo— e P — T o F
Typical Values: C_=16 pF, C,=37 pF, Lz=0.5 nH, Lz=1.1 nH,
L~=1.1nH, =1.5Q, 1=1.5Q, =125 Q, “
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Heterojunction Bipolar Transistor (1)

« This structure offers much improved performance at high frequencies.

« Some HBTs can operate at_frequencies exceeding 100 GHz, and recent
developments with HBTs using giGe have demonstrated that these devices

are useful in low-cost circuits operating at frequencies of 60 GHz or higher.

« Since the HBT is similar_in structure and operation_to the BJT, the
equivalent circuit model of BJT can be used for both transistor types.

« As with BJTs, equivalent circuit models may have limited apé)'h.cabﬂlty
when attempting to model HBTs over a range of operating conditions, so
scatf‘gelrmg parameter data, measured for a particular bias point, may be more
useful.

« High levels of monolithic integration are easy and inexpensive with SiGe

BTs, so this technology is proving to be very useful for low-cost
millimeter wave circuits for both defense and commercial applications

45

Heterojunction Bipolar Transistor (2)

« The scattering parameters at several frequencies for a popular

microwave HBT.

« Observe that |S,,| decreases much less rapidly with frequency when

compared with the BJT.

« The device also is seen to be approximately unilateral, as |S;,| is

relatively small.

Frequency (GHz) S Sp2 Saq S
1.0 0.91/-44° 0.06/68°  3.92/149°  0.93/-17°
20 0.75£—86° 0.10/46°  3.39/120°  0.79/-31°
4.0 0.59/-144°  0.11£29° 2.18482° 0.64/—-43°
6.0 0.54/176° 0.11/34° 1.64/57° 0.58/—53°
ceduction

Note -%“*’“S’Zl Por Hedrojunction js Less
Hhan veduclion in'Sy, Por  ppw silion BIT-

46

since HRT is made fom more than one malerial -

S =

Scanned by CamScanner



Field Effect Transistors

« In contrast to BITs, field effect transistors (FETs) are monopolar, with
only one carrier type (holes or electrons) providing current flow
through the device: n-channel FETs employ electrons, while p-channel
devices use holes.

* In addition, while a BJT is a current controlled device, an FET is a
voltage-controlled device, having a source-to-drain characteristic that
is similar to that of a voltage-dependent variable resistor.

* Field effect transistors can take many forms, including the MESFET
(metal semiconductor FET), the MOSFET (metal oxide semiconductor
FET), the HEMT (high electron mobility transistor), and the PHEMT
(pseudomorphic HEMT).

47

History of FET —»self readitg

« The first junction FETs were developed in the 1950s, while the HEMT was
proposed in the early 1980s. - .

» GaAs MESFETs are among the most commonly used transistors for microwave
and millimeter wave applications, being usable at frequencies up to 60 GHz or
more.

» Even higher operating frequencies can be obtained with GaAs HEMTs.

* GaAs MESFETs and HEMTs are especially useful for low-noise amplifiers since
these transistors have lower noise figures than any other active devices.

* Recently developed gallium nitride (GaN) HEMTs are very useful for high power
RF and microwave amplifiers.

» CMOS FETs are increasingly being used for RF integrated circuits, offering high
levels of integration at low cost and low power requirements, for commercial

wireless applications.
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Performance Characteristics of Microwave

Transistors

Device BIT HBT CMOS  MESFET  HEMT HEMT

Semiconductor Si SiGe Si GaAs GaAs GaN
s Frequency range (GHz) 10 30 20 60 100 10
“"l\:m" Typical gain (dB) 10-15 10-15 10-20 5-20 10-20 10-15
Angse Noise figure (dB) 2.0 0.6 1.0 1.0 0.5 1.6

(frequency, GHz) 9)) (8) ) (10) (12) (6)

Power capacity High Medium Low Medium Medium High

Cost Low Medium Low Medium High Medium

Single-polarity supply Yes Yes es No No No

49

Metal Semiconductor Field Effect Transistor

« One of the most important developments in microwave technology has
been the GaAs metal semiconductor fi€ld effect transistor (MESFET),
as this device permitted the first practical solid-state implementation
of amplifiers, oscillators, and mixers at microwave frequencies,
leading to key applications in radar, GPS, remote sensing, and wireless
communications.

« GaAs MESFETs can be used at frequencies well into the millimeter
wave range, with high gain and low noise figure, often making them
the device of choice for hybrid and monolithic integrated circuits at
frequencies above 10 GHz.
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+ The gate junction is formed as a Schottky barrier.

« The desirable gain and noise features of this transistor are a result of the higher electron mobility
of GaAs compared to silicon, and the absence of shot noise.

+ The device is biased with a drain-to-source voltage (V) and a gate-to-source voltage (Vg

« In operation, electrons are drawn from the source to the drain by the positive V, supply voltage.
An applied signal voltage on the gate then modulates these majority electron carriers, producing
voltage amplification.

« The maximum frequency of operation is limited by the gate length; present FETs have gate lengths
on the order of 0.2-0.6 um, with corresponding upper frequency limits of 100 to 50 GHz.

5 G D
£ L, [ revmer s |
P R
& S;mhén;xlari:iz !
n-channel GaAs MESFET

51

Small-signal Equivalent Circuit for a Microwave
MESFET for a Common-Source Configuration

« This model does not include package parasitics, which typically
introduce small series resistances and inductances at the three
terminals due to ohmic contacts and bonding leads.

e The dependent current generator g, V. depends on the voltage across
the gate-to-source capacitor (C,) leading to a value of |S,| > 1 under
normal operating conditions (wgnere port 1 is at the gate, and port 2 is
at the drain).

« The reverse signal path, given by S,,, is due solely to the capacitance
C

gd ,
R; (serics gate resistance) =70 g TRl Dy
Rgs (drain-to-source resistance) =400 Q _|_
Cs (gate-to-source capacitance} = 0.3 pF %R. Rs C,
C4s (drain-to-source capacitance) = 0.12 pF Ftl 2.V, T :
Cgg (gate-to-drain capacitance) = 0.01 pF o 2 . —
gm (ransconductance) =40mS Sougce 52
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« To determine the upper frequency of operation for a MESFET.

« For a FET, the short-circuit current gain, Gf* is defined as the ratio of
drain current to gate current when the output is short circuited.

* For the unilateral case, where C,q =0, the short circuit current gain is

- For proper operation, the transistor must be biased at an appropriate operating point.

+ This depends on the application (low noise, high gain, high power), the class of the amplifier (class A, class AB,
class B), and the transistor.

« For low-noise design, the drain current is generally chosen to be about 15% of I, (the saturated drain-to-source
current).

» High-power circuits generally use higher values of drain current.

« DC bias voltage must be applied to both the gate and drain, without disturbing the RF signal paths.

« This can be done with biasing and decoupling circuitry for a dual-polarity supply.

« The RF chokes provide a very low DC resistance for biasing, and a very high impedance at RF frequencies to
isolate the signal from the bias supply.

» Similarly, the input and output decoupling capacitors block DC from the input and output lines while allowing
passage of RF signals.

+ More sophisticated bias circuits can provide compensation for temperature and device variations, and may work
with single-polarity power supplies.

I

(i)
1L s .
v, =0V i o
s

Vpem -1V o
Vy=-2V o

¥, =-3V

5

0 5 10 V(W)

DC characteristics of an n-channel GaAs MESFET biasing and decoupling circuitry i
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Metal Oxide Semiconductor Field Effect

Transistor (MOSFET)

* The silicon metal oxide semiconductor field effect transistor gMOSFE is the most
common type of FET, being used extensively in analog and digital integrated circuits.

* It consists of a li htlg dogsd p substrate, and differs from a MESFET by having a thin
insulating layer (S102) between the gate contact and the channel region.

* Because the gate is insulated, it does not conduct DC bias current.

* MOSFETs can _be used at frequencies into the UHF range, and can provide powers of
several hundred watts when devices are packaged in parallel.

* Laterally diffused MOSFETs (LDMOS) have direct grounding of the source, and can
operate at low microwave frequencies with high powers.

« These devices are commonly used for high-power transmitters for cellular base stations at
900 and 1900 MHz.

insulator

- |_-—f..=|/17
= [ e |

© . piype substrate

Cross section of an n-channel MOSFET )<

« High-density integrated circuits typically use complementary MOS
(CMOS), where both n-channel and p-channel devices are used.

« This technology is very mature, and has the advantages of low power
requirements and low unit cost.

« Most RF and microwave MOSFETs use n-channel silicon devices,
although GaN devices are possible.

« The small-signal equivalent circuit for a MOSFET is the same as that
of the MESFET.

« Scattering parameters are available for most nMOS devices intended
for high-frequency applications.
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High Electron Mobility Transistor (HEMT)

* The high electron mobility transistor (HEMT) is a heterojunction FET, meaning that it does not use a single
semiconductor material, but instead is constructed with several layers of compound semiconductor materials.

These may include transitions between gallium aluminum arsenide (GaAlAs), GaAs, gallium indium arsenide
(GalnAs), and similar

* compounds.
+ These structures result in high carrier mobility—about twice that found in a standard MESFET.
+ GaAs HEMTs can operate at frequencies above 100 GHz.

« The cross section of a HEMT device consists of semi-insulating GaAs substrate, followed by an undoped
GaAs layer, and then a very thin undoped GaAlAs layer. This is topped with an n-doped GaAlAs layer.

To reduce thermal and mechanical stress the layers usually have matched crystal lattices.

+ Several variations on this device are possible, inqludin%lthe use of different compound semiconductors, and
the pseudomorphic HEMT, which uses a lattice mismatc between the layers.

« The relatively complicated structure of the HEMT requires sophisticated fabrication techniques, leading to a
relatively high cost.

» The HEMT is also referred to in the literature as a MODFET (lr:nodulation-doped FET), a TEGFET (two-
dimensional electron gas FET), and an SDFET (selectively doped FET).

« A relatively new type of HEMT uses GaN and aluminum gallium
nitride (AlGaN) on a silicon or SiC substrate.

« GaN HEMTs operate with drain voltages in the range of 2040 V, and
can deliver powers up to 100 W at frequencies in the low microwave
range, making these devices popular for high-power transmitters.

« The equivalent circuit model of Figure MESFET can also be used for
HEMTs, and the DC bias characteristics of a HEMT are similar to
those of the MESFET.

N G D
— [y | peey
| " .'I I n ‘I
n-GaAlAs |~ GaAlas

 GaAs
e
e 00T GaAs subsirate !

Cross section of an n-channel HEMT ><
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Scattering Parameters for a GaN HEMT (Cree CGH21120, Vo= 328 V, 1= 500 mA, common source)

« The scattering parameters for a medium power GaN HEMT

Frequency (GHz) S S12 S71 S
0.5 0.96/180° 0.007/—16° 3.67.68° 0.72/—-174°
1.0 0.95/172° 0.008/—35° 2.03/44° 0.78/-172°
20 0.78/153° 0.014/-83° 2.09/-17° 0.91/-174°
4.0 0.88.-51° 0.008£79° 0.84/88° 0.88/£171°
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Microwave Engineering

Chapter 12
Dr. Yanal Faouri
Email: y.faouri@ju.edu.jo

Microwave Amplifier Design

» Two-Port Power Gains

* Stability
« Single-Stage Transistor Amplifier Design

 Low Noise Amplifier Design

« Power Amplifiers
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Introduction

« Signal amplification is one of the most basic circuit functions in modern RF and
microwave systems.

* Early microwave amplifiers relied on tubes, such as klystrons and traveling-wave
tubes, or solid-state reflection amplifiers based on the negative resistance
characteristics of tunnel or varactor diodes.

* However, due to the dramatic imgrovements and innovations in solid-state
technology that have occurred since the 1970s, most RF and microwave amghﬁers
today use transistor devices such as Si BJTs, GaAs or SiGe HBTs, Si MOSFETS,
GaAs MESFETs, or GaAs or GaN HEMTs.

* Microwave transistor amplifiers are rugiged, low-cost, and reliable and can be
easily integrated in both hybrid and monolithic integrated circuitry.

* Transistor amplifiers can be used at frequencies in excess of 100 GHz in a wide
range of apﬁhcatlons requiring small size, low noise figure, broad bandwidth, and

medium to high power capacity.

for P=0 (choose 2 ’—Zd)
- °© Zo
Two-Port Power Gains 271 reled 2

« Consider an arbitrary two-port network, characterized by its scattering matrix [S], connected to

source and load impédances Zs and Z, , respectively, Lt /Bt
P \ ':P-Z:“dj—.‘- TAESIEE AR & N ek “-/'/PL

avs )' #t : f Z[. - ZO
r Vll-"nlfl’uu‘—— [$] 2 h ZL' rL“ZL+Zo

, v - .
/ ’I ot ‘JUIP (Z9) 2 : ; Zs— 2

[:r ‘lm ﬁ 'P lonl lL
» There are three types of power gain: m L

« Power gain = G = P, /P, is the ratio of power dissipated in the load Z; to the power delivered to
the inpugt of the two-l[:')orf' network. This Iéain is independent of Zg, alth]bugh thIe) characteristics of
some active devices may be dependent on Zs.

« Available power gain = G, = P, /P is the ratio of the power available from the two-port
network to the power available from the source. This assumes conjugate matching of both the
source and the load, and depends on Zg, butnot Z, .

« Transducer power gain = G; = P, /P, is the ratio of the power delivered to the load to the power
available from the source. This depends on both Zg and Z, .

« The gain is maximized (G = G, = G;) when the input and output are both conjugately matched to
the two-port device.

a
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we. wont Yo hawe two MAfCh"nﬁ neteers
as ill be shewa in the next gliles .

. In. general, the input impedance of the terminated two-port network
will be mismatched with a reflection coefficient given by I';,, which
can be determm_ed using a signal flow graph or by the scattering
parameters by using V,*=TV,™, we have:

I'l" =8 V;' + S]'_J?- =811 Vl_‘_ + 812, V;,

L 2 sk -rs?
Pa= |1t (1 -1ral) = 225 S (1= 1Ml
Ve V]+ B sy Vi+ + Snl Py, 22y 870 |1 —Fglil® in
Ll 5
" P =—= (l—lrﬂ‘)
P s 1 =Sy 2%l _ Zu—12, -
= = 2 - - »
; 1—8ulz Bt s ¢ 1 pp = ISP = ITeP) 9 1 (1 = 00 ) 1t = TP
kLl 22 1 =Sulg | 820 1= SpT P |T-TsTal
¥y SpaSyT =2/1.<
o = r=Snt l_.s. I"S '?/7.. i G P _ ISP ( -1

A uls Po (11Tl 1l — Sprg?

By= Py Sl pt g gt . L S o s pguler
i=Vsg o =W +¥ =H1+Tw. VDR Pm:;,m! - lszto {1]1 [;s:z) et { Wy
ra=r} =Ils
Fhm Byt " 17512 18211 (1 = IFowrl®) |1 = [
l—Fi.1 Pz\'n—PI. =SZ 5 £}
rpers, 0 |1 = 8nlhy| 11 = MsMaf ry=r2,

+ 5 (1-Tg)
1 2 (1—Tslm)

B L S Y | S o
820 |1~ SuTs (1~ |Toul)

an

Power Gain in terms of S-Parameteré:

The power gain = ol P _ ISP (-1reP)

P~ (L= ITaP) Il = 52l P
* The available and transducer power gains will be:
Gz Fo 1S (1 = ITsP) _ P _IsaP(-irst) (1 -1
Pas (1= SulsP (1= Toul”) P B \=DsToflSmlLP
» A special case of the transducer power gain occurs when both the input

and output are matched for zero reflection (in contrast to conjugate
matching). Then I} =I'g=0,

Gr = |Sn]?

* Another special case is the unilateral transducer power gain, Gy,
where S, = 0 (or is negligibly small) results in |[I'; | = [S,,].

« This nonreciprocal characteristic is approximately true for many
transistors devices. . Isuf(1-IMs?)(1-IrzP)

[t = Sulsi* |1 — Sulzl
8,2 0 & wilthal Kke JI5 .l 195151 Bo L YA LS
0 P s
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]—r To tain on V»Sm‘j e?mh‘anS-
Example: Comparison of Power Gain
Definitions

* A silicon bipolar junction transistor has the following scattering
parameters at 1.0 GHz, with a 50 Q reference impedance:
Sip=0.38/-158°  S;3=0.11/54 Sy = 3.50/80° Sa3 = 0.40/—43°

The source impedance is Zg = 25 Q and the load impedance is Z; = 40
Q. Compute G, G, and G;

* Solution: e
FomZSTdo I5=50 ..o IS212 (1 =1 ) /’@l;-s}i {MJ(WE.:(

ST 252 B0 =mhm b l?CS} l-a
re=ZoZ 08 o oy | olost powen have.
e ;sfiirr"i I AN sutsE( = TouP) @ 1‘1‘16’ Sewte | -Ur\ re.é

SHS;I_S L L o of them
Fow = S + E T 0.545Z — 43°. |1 = TsTinl* 11 = STz P (‘ 7 P_gua[ .
/DJ’/ Povey
@ the leacl{
.ram/zc )

General Transistor Amplifier Circuit

» A single-stage microwave transistor amplifier can be modeled by
using two matching networks on both sides of the transistor to
transform the input and output impedance Z, to the source and load
impedances Zg and Z;.

e The most useful gain definition for amplifier design is the transducer
power gain, which accounts for both source and load mismatch.

« Separate effective gain factors for the input (source) matching
network, the transistor itself, and the output (load) matching network
as follows: %

Input y Oumput
1 -|TsP = matching T"‘“[‘;,‘]“‘" marchwg %
Gs=s —— renit circuit
S I =TulsP = I s PLI %
: 2T g
Go = |S5al
2 W .
G, = -1 The overall transducer gain is then Gr= GsG,G, ( as fut ld) 8

Il = Sal?

s G'T(a(E) = 675(0&?) + G [dB)+ GL(oCE (a:/ailﬁgtf)
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* The effective gains Gg and G, of the matching networks may be
greater than unity. This is because the unmatched transistor would
Incur power loss due to reflections at the input and output of the
transistor, and the matching sections can reduce these losses.

* If the transistor is unilateral, so that S;, = 0 (or is small enough to be
ignored), then I';, = S,;, T',,x = S,,, and the unilateral transducer gain
reduces to Gy = GgG,Gy, where:

e 1—Irs)
I1—5yTsl?

Jgelf Qﬂﬁ{"g;a

* The above results have been derived using the scattering parameters of the
transistor, but it is possible to obtain alternative expressions for gain in
terms of the equivalent circuit parameters of the transistor.

* As an example, consider the evaluation of the unilateral transducer gain for
a conjugately matched FET using the equivalent circuit (with C,4= 0).

* Setting the series source inductive reactance X = 1/oCywill make Z; = Z",
and setting the shunt load inductive susceptance B = —wC 4 will make Za
=Z,"; this effectively eliminates the reactive elements from the transistor
equivalent circuit.

« Then by voltage division V.= V2joR;,C
evaluated as:

o and the gain can be easily

R, M Gue Drain

J Source |
Z. Zoui

LA . The gain of a conjugately matched FET
i T stialeinid . gflR"‘ =£’l(£§) amplifier drops off as 1/f, or 6 dB per
Pos L IR/R; d octave X

Gry=
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Stability

+ Conditions for a transistor amplifier to be stable:
* There are two types of stability:

* Unconditional stability: The network is unconditionally stable if [T | < 1 and
IT, | <1 for all passive source and load impedances (i.e., [['g| <1 and [I';| <1).

+ Conditional stability: The network is conditionally stable if || <1 and [Ty,
<1 only for a certain range of passive source and load impedances. This case
is also referred to as potentially unstable.

s fable ot cerfoin values .
Awashb\e at other C&v’"&uﬂ values.

11

» The stability condition of an amplifier circuit is usually frequency

dependent since the input and output matching networks generally depend
on frequency.

« It is therefore possible for an amplifier to be stable at its design frequency
but unstable at other frequencies. Careful amplifier design should consider
this possibility.

» The rigorous general treatment of stability requires that the network
scattermg parameters (or other network g_ax_‘ameters) have no poles in the
Eightcillllgl Icorrlxplex frequency plane, in addition to the conditions that |['; | <

an <l

out

* This_can be a difficult assessment in practice, but for the special case
considered here, where the scatterm%jparameters are known to be pole free

(as confirmed by measurability), the following stability conditions are
adequate.
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Stability Circles

» For an amplifier to be unconditionally stable:

S125 Tt
il = 1§17 Jetii el il
Iml 1“+I—523FL <1
S12521Fs
TCowt| = |92
1Fowl l _2+l_S“l_S

« If the device is unilateral (S, = 0), these conditions reduce to the simple results
that [S,,| <1 and |S,,| < 1 are sufficient for unconditional stability.

« Finding this range for I's and I;_can be facilitated by using the Smith chart and
plotting the input and ou%put stat%ﬂlty circles. '

. '}‘Iée s|t1§bilitylcircles are defined as the loci in the I, (or I'g) plane for which || =
or [Tyl = 1).

* The stability circles then define the boundaries between stable and potentially
unstable regions of I'g and I';.

* I and I, must lie on the Smith chart ([I'g| < 1, [Iy| < 1 for passive matching
networks).

13

Derivation for the Output Stability Circle

» Starting with the condition that |I'; | = 1:

S1281Ts
1 —S»ly

|511+ =1 |51 =8+ SpsSall={1 - 82|

Define A as the determinant of the scattering matrix:
A = 51152 — 812521

Iz

IS — ATz] = |1 = S»Tt] Hhe 1 &[,M
e F a
Squaring both sidcis then simpiﬂthrough completing trle_s_clu__an'_e___________-b 'fh‘fp ’;li(-" cire }6 ‘ﬂwd’
(52— ASh) Si2821 cm}&” .(a diis. has cenfer () -

TseP - 18R | lIS2i - 1A

In the complex plane, an equation of the form |I" — C| = R represents a circle having a center at C (a complex

number) and a radius R (a real number). ]4 P
et 5
Juis is dhe cedfer ((omple.x nmba{), eJdY h’i 'IL !
a {'10 n

& "/C/ X—@—c— ﬂmu.lq .57156‘}
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« Defines the output stability circle with a center C; and radius Ry,
where:

3 — S S125; =
= (S_—_Ai)_ Hﬁzz—l— (radius)

C; = < center R = B )
L= Ear—jap S22 — IAF

e Similar results can be obtained for the input stability circle by
interchanging S, and S,,

—M center = __SE‘S'z_l_ il
TR TG Bs=|mr—jap| @4

xTo have the SijeM G’MP’E}% stable , we could wse : )

(fesisJﬂ'VC; loaalir\j) P

Z$ Loack -
Refoeen the
'bmnca‘#af
/ P4

N
& the s 7

Procedure

« Given the scattering parameters of the transistor, we can plot the input
and output stability circles to define, where |I';| =1 and T, = 1.

« On one side of the input stability circle we will have || < 1, while
on the other side we will have |I",,| > 1.

« Similarly, we will have |I';;| < 1 on one side of the output stability
circle, and |T", | > 1 on the other side.

« We need to determine which areas on the Smith chart represent the
stable region, for which |I';)| <1 and [, < 1.

16
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C
Ry

Tal<1
(stable)

(stable)
@ (®)

Output stability circles for a conditionally stable device. (a) [S,,| < 1. ®) Syl > 1.

i el =5 stable oufside the c%aﬁx"il"j cirtle .

ﬁ 19,151 = < fable inside  the sfab;/ifjcfr’(/e.
| | /}5 shown  Above in [a}c&\(é).

Input stability circles denoting stable and unstable
regions:

IC.J Unstable

(a) IS22| <1 (D) [S22|> 1 "
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Output stability circles denoting stable and unstable

regions:

r, IFal=1

Unstable Stable 7 'r ‘"\\

/ o 1

Cos |

’

,I

[Cmn;

%r;k

Unstable

I =1

=1

(a) Shaded region is stable, (a) Stable region excludes the origin,
since |5,/ < 1 Iy =0,since |5, > 1 -

[Sh)> ] Sul<q
i

Unconditiona] Steble .

* If we set Z; = Z, then 'y =0, then | | =S,,.
e Now if |S;,| < 1, then [T, | < 1, so I'; =0 must be in a stable region.

« This means that the center of the Smith chart (I'; = 0) is in the stable region, so all
of the Smith chart ([T | < 1) that is exterior to the stability circle defines the stable

range for I’} .

- Alternatively, if we set Z; = Z, but have |S,| > 1, then |[;| > 1 for I'y =0, and the
center of theySmith chart faust be in an urllstlz{Lle region. & =

« In this case the stable region is the inside region of the stability circle that
intersects the Smith chart.

» Similar results apply to the input stability circle.

« If the device is unconditionally stable, the stability circles must be completely
outside (or totally enclose) the Smith chart.

« We can state this result mathematically as

ICei—Rrl>1 for Sl <1 NCs| —Rsl>1 for |S»] <1
»
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«If |S;| > 1 or |S,,| > 1, the amplifier cannot be unconditionally stable
because we can always have a source or load impedance of Z, leading to I's
=0 or I', =0, thus causing |T';,| > 1 or [T,/ > 1.

« If the device is only conditionally stable, operating points for I's and I',
must be chosen in stable regions, and it is good practice to check stability at
several frequencies over the range where the device operates.

« Also note that the scattering parameters of a transistor depend on the bias
conditions, and so stability will also depend on bias conditions.

« If it is possible to accept a design with less than maximum gain, a transistor
can usually be made to be unconditionally stable by using resistive loading.

% “The ﬁ]low.'./\j e/gpecfs e S fwmefcfs: )

0, Loa@( Conglfb'dn-
@ FF%MMCO‘/L'_)
(@) Fiols :'g\-s

Tests for Unconditional Stability
L (8L LS50 o, B Lgls” 00 301
» The stability circles discussed above can be used to determine regions

for I's and I'; where the amplifier circuit will be conditionally stable,
but simpler tests can be used to determine unconditional stability.

* One of these is the@ where it can be shown that a device will
be unconditionally stable if Rollet’s condition, defined as;

_1=isuP —1S2P +1AF
2|S125211

K

1 where |A]=|81152— 81281 <1

These two conditions are necessary and sufficient for unconditional stability, and are easily evaluated.

E

12
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« If the device scattering parameters do not satisfy the K — A test, the
device is not unconditionally stable, and stability circles must be used
to determine if there are values of I'g and I';, for which the device will
be conditionally stable.

* We must have |S;;| < 1 and [S,)| < 1 if the device is to be
unconditionally stable.

23

e While the K — A test is a mathematically rigorous condition for
unconditional stability, it cannot be used to compare the relative
stability of two or more devices because it involves constraints on two
separate parameters.

« Recently, however, a new criterion has been proposed that combines
the scattering parameters in a test involving only a single parameter

(u) defined as; ) o g
/ll, Test #1502 — ASH [+ 151252l
Z=""<Thus, if p > 1, the device is unconditionally stable.

« In addition, it can be said that larger values of p imply greater stability.

24
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Example: Transistor Stability

« The Triquint T1G6000528 GaN HEMT has the following scattering

parameters at 1.9 GHz (Z, = 50 Q):
S11 = 0.869/-159° S1> = 0.031/-9° Sy = 4.250461°  Sn = 0.507/-117°

Determine the stability of this transistor by using the K — A test and the
1t-test, and plot the stability circles on a Smith chart.

* Solution:

|A}] = |S11822 — $12821| = 0.336 . |A| < 1 but K < 1, so the unconditional stability criteria are not
L= ISuf = Snl? + AR satisfied, and the device is potentially unstable. )
K= 3512 ol =0.383 The stability of this device can also be evaluated using the p-test,
which gives p = 0.678, again indicating potential instability.

25

« The centers and radii of the stability circles are:
_ (S22 — AS;"I)*l
S22 — 1A
5128
;= _!_EE_Z_II_,’. =0.915
|S22]? ~ |A]F

_(su-asy)”
ST suP - 1A
IS8l
IS1 2 — [A

o} =1.59£132°

= 1.09/162°

Rs = 0.205

26
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the central part of
the Smith chart
represents the stable

operating region for
Fgand I .

) . Tnput
The unstable regions stabiliry
are shaded. circle

7

Single-Stage Transistor Amplifier Design

* Design for Maximum Gain (Conjugate Matching):

 After the stability of the transistor has been determined and the stable
regions for I' and I'} have been located on the Smith chart, the input and
output matching sections can be designed.

» Since G, is fixed for a given transistor, the overall transducer gain of the
amplifier will be controlled by the gains, Gg and Gy, of the matching
sections.

» Maximum gain will be realized when these sections provide a conjugate
match between the amplifier source or load impedance and the transistor.

* Because most transistors exhibit a significant impedance mismatch (large
|S,,| and |S,,]), the resulting frequency response may be narrowband.

pa:3
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* Maximum power transfer from the input matching network to the
transistor will occur when: M =T}

* and that maximum power transfer from the transistor to the output
matching network will occur when:

Cout = FZ

* With the assumption of lossless matching sections, these conditions
will maximize the overall transducer gain given by:

1 1=l ?

G = 52
T = 1052 P T T50r, 2

In addition, with conjugate matching and lossless matching sections, the
input and output ports of the amplifier will be matched to Z,,. 2

MeaMS -%ﬂ]'

« In the general case with a bilateral (S,, # 0) transistor, I';, is affected
by I',,, and vice versa, so the input and output sections must be

matched simultaneously. The necessary equations:

812817 ” S12821T's
5= —_— M =8+ —>
Bs=Su+1"gr; L 1= Suls
: e [ on ﬂ(mu(“
Solve forTgand I';: s o By /B — 4|1 B: :i:“/B_: -4 'f-

2C)

sheef .

The variables B,,C,, B,,C, are defined as:

By =1+|Sul —Saf - 1A C1=51-A85,

Br=1+|Snl —[Sul’ - 1AF 2
30
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« Solutions to I' and I} are only possible if the quantity within the
square root is positive, and it can be shown that this is equivalent to
requiring K > 1.

* Thus, unconditionally stable devices can always be conjugately
matched for maximum gain, and potentially unstable devices can be
conjugately matched if K> 1 and |A] <1.

« The results are much simpler for the unilateral case. When S;, = 0,
then I's = S,,* and T}, = S,,%, and then maximum transducer gain
reduces to; .

i o 1
GTUnm = Sl =
& s 2 T 55 \

N ilderd .

« If the transistor is unconditionally stable, so that K > 1, the maximum
transducer power gain can be simply rewritten as follows:

« The maximum transducer power gain is also sometimes referred to as
the matched gain.

 The maximum gain does not provide a meaningful result if the device
is only conditionally stable since simultaneous conjugate matching of
the source and load is not possible if K < 1.

e In this case a useful figure of merit is the maximum stable gain,
defined as the maximum transducer power gain with K = 1. Thus,

(s shebily b aad 5} ﬂ = .

e E[/}”m( S”'ﬁblcaﬁf_aiwq occw@ ]»C'—'l
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Example: Conjugately Matched Amplifier Design

« Design an amplifier for maximum gain at 4 GHz using single-stub
matching sections.

« Calculate and plot the input return loss and the gain from 3 to 5 GHz.
The transistor is a GaAs MESFET with the following scattering
parameters (Z, =50 Q):

S(GHz) S11 S12 S21 S»
3.0 0.80/—89° 0.03/56° 2.86/99° 0.76/—41°
4.0 0.72/-116° 0.03/57° . 2.60/76° 0.73/-54°
5.0 0.66/—142° 0.03£62° 2.39/54° 0.72/-68°
33

« Note that K > 1 and |A| < 1 at 4 and 5 GHz, so the transistor is
unconditionally stable at these frequencies, but it is only conditionally

stable at 3 GHz.

i “ - Jeatially statle
1] a .
3.0 0.77 0502 — polenliail]
40 1.19 0487 (—+ Uncondition a“j s}bble,-
5.0 1.53 0418
At 4 GHz:
For maximum gain: The Effective gain: The overall transducer gain is:
B+ /87 —4C1?
e \/2IC N 087221730 Gs = o = AT =5204dE, G, =6.20+830+222 = 16.7dB
1
Go = |521]* = 6.76 = 8.30 dB.
By + /B2 —4IC? 1-1rf g
romt A A emre 6= I _ o200 G, =10b (‘f-l? x(&‘ng,gf)
— I1=$are] T )

=16 FolB: *
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£— () TWD Gen.

W —h _Twp bad-
O—h Wi

/01, _'a] . TWD uo.zou . @

Length of
open-cucuited
siub 0 2064

4.0
Frequeacy (GHzZ)

The expected gain of 16.7 dB at 4
GHz, with a very good return loss.
The bandwidth where the gain drops
by 1 dB is about 2.5%.

Length of
L 13 D series line
D T > 0.120A 35

 The matching networks can easily be determined using the Smith chart.

* For the input matching section, first plot I's.
« The impedance, Zg, represented by this reflection coefficient is the impedance
seen looking into the matching section toward the source impedance, Z,,.

« Thus, the matching section must transform Z, to the impedance Zg. There are
several ways of doing this, but we will use an open-circuited shunt stub followed
by a length of line.

« We convert to the normalized admittance P/s , and work backward (toward the load
on the Smith chart) to find that a line of length 0.120A will bring us to the 1 + jb

circle.
» Then we see that the required stub admittance is +j3.5, for an open-circuited stub
length of 0.206A.
* A similar procedure gives a line length of 0.206A and a stub length of 0.206A for
the output matching circuit.
36
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Constant-Gain Circles and Design for Specific
Gain

* In many cases it is preferable to design for less than the maximum
obtainable gain, to improve bandwidth or to obtain a specific value of
amplifier gain.

» This can be done by designing the input and output matching sections to
have less than maximum gains; in other words, mismatches are purposely
introduced to reduce the overall gain.

* The design procedure is facilitated by plotting constant-gain circles on the
Smith chart to represent loci of I'g and I'; that give fixed values of gain (Gs
and G, ).

« For many transistors |S,,| is small enough to be ignored, and the device can
be assumed to be unilateral. This greatly simplifies the design procedure.

37

« The error in the transducer gain caused by approximating |S,,| as Zero
is given by the ratio Gy/Gyy; where U is defined as the unilateral

T (=15uP) (1-152F)

Usually an error of a few tenths of a dB or less justifies the unilateral assumption

1

0= T st Oom = TS
I ol maximized when ['s = S}, and T = 53, .
R el L1 Ol = T
L= = salP =Pg

33
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» Define normalized gain factors gq and g; as;

Gs _ 1—|Cs?
Gspe 1= SulsP?

G _ L=t
Gl I1-52lL

(1= 15ul?) e =

gs = ]2(1—35312}

Then we have that 0 <g<land0<g <1

« The center and radius for the input and output constant gain circles:

. 557 s,
T . P . S
L= -glsnl- 1 — (1 —gp)lsl*
_— JT=gs(1=15u) B JT=2z (1 —I52F)
T—( - gslSuP SRV AT

“Thege 'faf Cans}mﬂ;‘gfﬂ'f\ Cl'fclej.

00 M7 iy it up with fne equations
o the stable civele -

39

. ghe ceréters of each family of circles lie along straight lines given by the angle of
TP

« Note that when gg (or g;) = 1 (maximum c§ain), the radius Rg (or R;) =0, and the
center reduces to §11* (or S,,*), as expected.

« In addition, it can be shown that the 0 dB gain circles (Gs = 1 or G = 1) will
always pass through the center of the Smith chart.

» These results can be used to plot a family of circles of constant gain for the input
and output sections.

« Then I’y and I'; can be chosen along these circles to provide the desired gains.

« The choices for I's and I'; are not unique, but it makes sense to choose points close
%o t(lile. S%Iter of the Smith chart to minimize mismatch, and thus maximize
andwidth.

. é\ltgmatively, the input network mismatch can be chosen to provide a low-noise
esign.

40
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Example: Amplifier Design for Specified Gain

. De:sigl} an amplifier to have a gain of 11 dB at 4.0 GHz. Plot constant-
gain circles for Gg =2 and 3 dB, and G; =0 and 1 dB.

* Calculate and plot the input return loss and overall amplifier gain from
3 ts% 5 §}'HZ. The transistor has the following scattering parameters (Z,
=50 Q):

f(GHz) S11 S12 $21 S22
3 0.80/—90° 0 2.8£100°  0.66/-50°
4 0.75/-120° 0 2.5/80° 0.60/-70°
5 0.71/-140° 0 2.3/60° 0.58/-85°

41

, First we checC )eor e Sfabﬂ%
we Do the W-A TEst.

C_ since uﬂconcli“umlc[joL_daHﬂ (Ua ;l([,caé tLo ﬂaw Sfabimj
circle ) .

Solution:

* Since S;, = 0 and |S;;| <1 and [Sy,| < 1, the transistor is unilateral and
unconditionally stable at the given frequencies.

1
G = =229=36dB,
See = T 5111

1
= =156=19dB.
Clan = T 5nF

Go =821 =625=8.0dB

Gri,, =36+19+80=135dB

Constant-gain circles: /—\b A a” ’HﬂQ Ceﬂh’/( ‘F sy Sowct

g=0875 Cy= o.mcmm} Rs = 0.166 should have seme Pkﬁ-‘f

Gs=3dB
Rs =0.294

Gg=2dB gs=0.691 Cs=0.627/120%
G, =1dB g1 =0806 C,=052070° Ry =0303 5'45 H.
Gy =0dB gr =0.640 C; =0440/70° \ Rz =0.440 'p z c{ 42
Qg (Wotindd) £ all cenfers tor Loa
should howe same phose

d= G (Nl 10d8)
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3.0 35 40 435 50
Frequency (GHz)

The desired gain of 11 dB is achieved at 4.0 GHz

43

Ci

we el fatée the iﬂ+6f$ec)rec/[- circles C@'sg\ Gu,)
Gs~2 infesect wth Gl &K Gy=o 2at since  aeed 1185

we taKe Gs=12 { G=1 {B—t 2+419ives _[_10159) s
Go=3 infecsed Jith GL=0 (g4 240 c;i"”l__i_alg 1 scletions

* Alesoys L?j 0(67%&” corsider fhe CofC (Shunt —
=i il wnsa’t mentioned ¢
ceyton case .

« We choose Gg =2 dB and G, = 1 dB, for an overall amplifier gain of 11 dB. Then
we select I'g and I'; along thiese circles as shown, to minimize the distance from
the center of the chart (this places I's and I, along the radial lines at 120° and 70°,

respectively).

e Thus, I's = 0.33L.120° and I} = 0.220_70°, and the matching netwo ks b
designeci using shunt stubs as if Example 12.3. € AR B

« The response was calculated using CAD software, with interpolation of the given
scattering parameter data.

« The bandwidth over which the %ain varies by +1 dB or less is about 25%, which is
considerably better than the bandwidth of the maximum gain design in the
previous example.

« The return loss, however, is not very good, bein%_lo.nly about 5 dB at the design
frequency. This is due to the deliberate mismatc infroduced into the matching
sections to achieve the specified gain. =

choose  the one fhat gives

, For e two glutions yuwe .
a point pear fo the cenfer o that i'f(;i"/& a)?&lff )?W-

S ———
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(LVA).
Low-Noise Amplifier Design

« Besides stability and gain, another important design consideration for a
microwave amplifier is its noise figure.

« In receiver applications especially it is often required to have a preamplifier
with as low a noise figure as possible since, the first stage of a receiver front
end has the dominant effect on the noise performance of the overall system.

« Generally it is not possible to obtain both minimum noise figure and
maximum gain for an amplifier, so some sort of compromise must be made.

» This can be done by using constant-gain circles and circles of constant
noise figure to select a usable trade-off between noise figure and gain.

35

Noise Figure

« The noise figure of a two-port amplifier can be expressed as;

Rx a9 11-Ts ) 11—y
= 1 — — Ys=— Y = =
F = Foin + GS'YS Yop ST Zo14Ts  F Zol+Ten
E‘-"" ? >0//7" & Q” Y = Gg + jBg = source admittance presented to transistor.
Y,,, = optimum source admittance that results in minimum noise
from  the 19“*“ figure,

5 c . F,,;, = minimum noise figure of transistor, attained when Yg = Y,
4a Le [:;,[» g ase i Ry, = equivalent noise resistance of transistor.
G = real part of source admittance.
to find Xpl 4

The quantities Fy;, Iy and Ryare characteristics of the particular transistor being used, and are called the noise
parameters of the device; they may be given by the manufacturer or measured.

46
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P F was
njws’f\j it w.\\%e (@gwfw(f
éd ‘Pn"\O(- Ps

xcoJ\
. t un’é’ﬂ(
. 4 Ts—Toul? -F F 15 /
0" )|+ We can express: s Yol = T EoPI s o J h lo(_ be
]\) N N TR, £ show
s = Rel¥s) = 220(1+1‘s+1+r;)‘zuu+rs:2 UM "
* So; J,S
—% . 2 For a fixed noise figure F we
F = Fypn + ARy ITs 5 Foptl 2%9 can show that this result
3K Zo (1 —ITs?)I1 + Foptl defines a circle in the I'gplane
* Define the noise figure parameter, N, as; -
rmn inim

P /{/asi e
}»/g,_ure,

* which is a constant for a given noise figure and set of noise parametets

_IPs=Topl* _ F = Fuin

= = 1 4 Fad)®
i=TsE — #RxjZy T+ o

This result defines circles of constant noise ﬁgure with:

K
N+1

Cr=

ae 47
cenfer of e
Moise circle - Maise circle .

Example: Low-Noise Amplifier Design

« A GaAs MESFET is biased for minimum noise figure, with the
following scattering parameters and noise parameters at 4 GHz (Z, =
50 Q): % & £o (et uni Ladoral).

S11 = 0.6£-60° Sip = 0.05£26° 51 =19/81° 85 =0.5/-60°

Frnin = 1.6 dB, I’ = 0.62 L 100°, and Ry = 20 Q. For design purposes,
assume the dev1ce is unilateral, and calculate the maximum error in G

resulting from this assumption. Then design an amplifier having a2.0 4
dB noise figure with the maximum gain that is compatible with this ~ 4«
noise figure. EL A =

» Use open-circuited shunt stubs in the design of the matching sections.

43
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K Y4 -sleps”
0 cneed foc Sabilily (K-4 Test)
TZ) CHECK o Unilten). |
@ )998731(\ Comi’aﬂf' G‘am lec (X

Solution: 7 Yo the Mﬁdm.g;

* First calculate that K = 2.78 and A = 0.37, so the de\fice is
unconditionally stable even without the approximation of a unilateral

device.
* Next, compute the unilateral figure of merit from:

5 Pisuiusel__ . g0s s < P o IndB = -050<Gr- G <0.53dB
= (l = |S“[:)(l - [S:-__-|:) = 0.059 « +L')2 Grv (1- U‘)Z 0.891 < 6o < 1.130

Thus, we should expect less

For 2 dB noise figure circle: than about £0.5 dB error in gain

. F—Fuq 2 1581445 o Ty
N = ez L+ Tl = =il +0.62100° = 0.098 = # o / — § =
Tost e i &\ P\M‘Q' F 0.805 0.52£60° 0.300
Cr = §3q = 0364100 Becod Eﬁ( ]. 0.904 0.56/60° | 0.205
f———————e 0.946 0.58260° / 0.150
NN _ 2
Rr = e R s il :L 1 Feuik) =024 49
all owﬁ thewn
L)
w2 2 o) phatse chitt.
‘b‘-‘ ‘\s \LV\G‘D (=]
W2, 5\ 579 ort gk et
\’9/’\17\ b’%"pﬁ W pf? > wle )
.. (\A' From the Smith chart the optimum solution is I's=
Noise fipure TR E B 0.53L_75°, yielding Gg=1.7 dB and F = 2.0 dB.
e S LB N % i For the output section we choose I' = S,,* = 0.5L 60°

for a maximum G; of:
i

=133=1254dB
TNE >

G =

Go = |Sa}? = 3.61 = 5.58 dB

Gru=Gs+ Go+ G =8.53dB

o

dole go 5o

W________—/‘
@ Cfnwj,' ’“«\e Citcuils
IS re?w'/e n the Exam.
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Low-Noise MOSFET Amplifier

« MOSFETs have a relatively low AC input resistance, making them
difficult to impedance match.

« An external series resistance can be added to the gate, but this
approach increases noise power and degrades efficiency.

« By using a series inductor at the source of a MOSFET, how'ever, it_ is
possible to create a resistive input impedance without adding noisy
resistors.

» This technique is called inductive source degeneration; similar
methods can be used with MESFETs and other transistors.

51

Amplifier Equivalent Circuit

« The model is simplified by assuming the transistor is unilateral, and
that R,, Ry, and Cy, can be ignored.

« For an input current I at the gate of the transistor, the capacitor voltage
is: V., = I/joCy

Ly

G D
— YV
rig
L l fAis .
£ Rp T Ca ¥ ) 8m”c L]
s

[/(JMG'}’VC .r—": % l( éj’

Lﬂﬂd‘g__) Basic AC circuit Equivalent circuit using a simplified unilateral FET model

52

wsistive laaking Wil Inctease Fhe potse
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* The gate voltage, relative to ground, is then:

V=

+ joLs (I 4+ gmbe) =I( +ij,+ggL’)

I
JaCgs JooCes g8

* The input impedance at the gate is:

. 1
- Cs +j(wl" cuCgs)

+ showing that the circuit has produced an input resistance of g, L/C,,. The series inductor (L,) can be chosen
to match the input resistance of the amplifier to a source impedance Z,,.

* The inductor at the gate (L,) can then be chosen to cancel the residual input reactance, which is usually
capacitive.

* The combination of the series matching inductor, the gate capacitance, and the effective input resistance
forms a series RLC resonator. The Q of this resonator is:

use_og ﬁdhw 53
'H/‘Q kjb{l Md%el
moS‘Hj we CUCV‘# < wem -

cvor K ont
ia his cowst.

Example: Low-Noise MOSFET Amplifier Design

* An Infineon BF1005 n-channel MOSFET transistor having C, = 2.1
pF and g, = 24 mS is used in a 900 MHz low-noise ampliffer with
inductive source degeneration. Determine the source and gate
inductors, and estimate the bandwidth of the amplifier. Assume a
source impedance of Z, = 50 Q.

« Solution:
« By matching the input resistance to Z,

o P00 SO X 107) _ 4370m so the bandwidth of the amplifier
T gm 623 could be as high as 80%. This
; _wlgles 12 Vvalue is probably higher than what
jX=j (“’L’ = ng;) e " gwL: ~  would be obtained in practice, due
to the approximations that have

-X 59.5 10.5 nH been made in our analysis 54

L, =

,ggg,&@) Clo privopz,s G YLyl
sheet. s

i —
w  27(300 x 105)
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Power Amplifiers (1)

* Power amplifiers are used in the final stages of radar and radio transmitters
to increase the radiated power level.

* Typical output powers may be on the order of 100-500 mW for mobile
voice or data communications systems, or in the range of 1-100 W for radar
or fixed point radio systems.

* Important considerations for RF and microwave power amplifiers are
efficiency, gain, intermodulation distortion, and thermal effects.

* Single transistors can provide output powers of 10-100 W at UHF
frequencies, while devices at higher frequencies are generally limited to
output powers less than 10 W.

* Various power-combining techniques can be used in conjunction with
multiple transistors if higher output powers are required.

55

Power Amplifiers (2)

* So far we have considered only small-signal amplifiers, where the
input signal power is low enough that the transistor can be assumed to
operate as a linear device.

* The scattering parameters of linear devices are well defined and do not
depend on the input power level or output load impedance, a fact that
greatly simplifies the design of fixed-gain and low-noise amplifiers.

* For high input powers (e.g., in the range of the 1 dB compression
point or third-order intercept point), transistors do not behave linearly.

* In this case the impedances seen at the input and output of the
transistor will depend on the input power level, and this greatly
complicates the design of power amplifiers.
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Characteristics of Power Amplifiers and
Amplifier Classes

« The power amplifier is usually the primary consumer of DC power in
most hand-held wireless devices, so amplifier efficiency 1s an
important consideration.

* One measure of amplifier efficiency is the ratio of RF output power to
DC input power: _Pu TP AC Tree names-
e g%

« This quantity is sometimes referred to as drain efficiency (or collector

efficiency).

» One drawback of this definition is that it does not account for the RF
power delivered at the input to the amplifier.

« Since most power amplifiers have relatively low gains, the efficiency
of tends to overrate the actual efficiency. N

* A better measure that includes the effect of input power is the power added
efficiency, defined as;

Pont — Pin ( 1 ) Pout ( 1 )
= PAT e 22 R e T e e =
NPAE P G) A G n

» where G is the power gain of the amplifier.

« Silicon bipolar junction transistor amplifiers in the cellular tele%hone band of 800—
900 MHz band have power added efficiencies on the order of 80%, but efficiency
drops quickly with increasing frequency.

e Power amplifiers are often designed to provide the best efficiency, even if this
means that the resulting gain is less than the maximum possible.

e Another useful parameter for power amplifiers is the compressed gain (G
defined as the gagl of the amp]iﬁgr at the 1 HB compression poirlft. gain (Gy)

¢ Thus, if G, is the small-signal (linear) power gain, we have;

N G - »
MaXMM 1(dB) = Go(dB) — 1 .

G\uTn‘ \gmll 51-%1]1"1—
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« Class A amplifiers are inherently linear circuits, where the transistor
is biased to conduct over the entire range of the input signal cycle.
Because of this, class A amplifiers have a theoretical maximum
efficiency of 50%. Most small-signal and low-noise amplifiers operate
as class A circuits.

« In contrast, the transistor in a class B amplifier is biased to conduct

only during one-half of the input signal cycle. Usually two
complementary transistors are operated in a class B push-pull
amplifier to provide amplification over the entire cycle. The
theoretical efficiency of a class B amplifier is 78%.
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« Class C amplifiers are operated with the transistor near cutoff for
more than half of the input signal cycle, and generally use a resonant
circuit in the output stage to recover the fundamental. Class C
amplifiers can achieve efficiencies near 100% but can only be used
with constant envelope modulations.

« Higher classes, such as class D, E, F, and S, use the transistor as a
switch to pump a highly resonant tank circuit, and may achieve very
high efficiencies.

* The majority of communications transmitters operating at UHF
frequencies or above rely on class A, AB, or B power amplifiers
because of the need for low distortion products.
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Design of Class A Power Amplifiers

* In this section we will discuss the use of large-signal parameters for the design of class A amplifiers.

* Since class A amplifiers are ideally linear, it is sometimes possible to use small signal scattering parameters
for design, but better results are usually obtained if large signal parameters are available. As with small-
signal amplifier design, the first step is to check the stability of the device. Since instabilities begin at low
signal levels, small-signal scattering parameters can be used t{)r this purpose. Stability is especially important
for power amplifiers, as high-power oscillations can easily damage active devices and related circuitry.

* The transistor should be chosen on the basis of frequency range and power outﬂut, ideally with about 20%
more power capacity than is required by the design. Silicon bipolar transistors have higher Eower_outputs
than GaAs FETs at frequencies up to a few GHz, and are generally cheaper; GaN HBTs are becoming very
popular for high-power applications at RF and fow microwave frequencies. Good thermal contact of the
transistor package to a heat sink is essential for any amplifier with more than a few tenths of a watt power
output. Input matching networks may be designed ¥or maximum power transfer {conjugate matching), while
output matching networks are designed for maximum output power (as derived from L P). The optimum
values of source and load reflection coefficients are different from those obtained from small-signal
scattering parameters via (12.40).

* Low-loss matching elements are important for good efficiency, particularly in the output stage, where
currents are hiﬁ_hest. Internally matched chip transistors are sometimes available and have the advantage of
reducing the effect of parasitic package reactances, thus improving efficiency and bandwidth.
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Example: Design of a Class A Power Amplifier

Zo= 50 (%

* Design a power amplifier at 2.3 GHz using a Nitronex NPT25100
GaN HEMT transistor, with an output power of 10W. The scattering
parameters of the transistor for Vg = 28 V and I, = 600 mA are as
follows: W-—TZI‘G\S?AS concli titns

S, = 0.593L178°, S, = 0.009L.—127°, S, = 1.77L—106°, and S,, = 0.958_175°,

and the optimum large signal source and load impedances are Zs, = 10 —
j3 Q and Z;, = 2.5 — j2.3 Q. For an output power of 10 W, the power
(3 4 gain is 16.4 dB and the drain efficiency is 26%. Design input and output
impedance matching sections for the transistor, and find the required
input power, the required DC drain current, and the power added

efficiency. /f\lam%! | % |
PAE < Jrain IC!Cﬂg;
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Solution:

Listly cheel & sb\b}l'dg_'.

1A = 1511522 — $12851] = 0.579 < 1

k=12l 1Sl rial o
2512821 P;,= P, (dBm) - G(dB) = 10 log(10,000) — 16.4 = 23.6 dBm =229 mW.
T'sp = 0.668£187°, § 'f(’o.n Largt K

Trp = 0.905/—175° Saall @ z dive f&'n'} The DC input power can be found from the drain efficiency as Pp.=

Pou/M =38.5 W, so the DC drain current is I, = Pp/Vps= 1.37 A.

\ 1t . . .
B /B —4cip civentd The power added efficiency of the amplifier:
Fs=———— =0.508/166°
2
/ ; Pow—Pu _100-0229
Br% /B2 —4iCap2 . PAE = =gy =%
re=—"Y2 % _0954/-176 oc

PI)C = 236“/) Pcm." "-‘IUV\/
Te losk poever due to

+he J?ia;:‘n3 8\ M«JfleﬁVg_;
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. Mote that these values ace affrox;mfelj egual to the
LMjLFS;DV‘“‘\ V“[MS IZ,&EP),ZM'} na{’ CKG\CH JOLIAC ’fof
the fact Huot e satking pogameters wieod o cloulalt
UL do Ho T apply e leDe pever Lol

We shasld use fhe large sinal reflection coefficients
ow
to  Lesign e input & output ma tching pefearkCs.
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