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Abstract
A variable-gain amplifier at 1GHz has been designed. Various topologies have been

investigated with the emphasis on noise and distortion performance as the gain changes, and the
variable feedback architecture is chosen. A pre-amp is not needed because the input impedance
has been designed to match the source impedance throughout the gain range. The gain varies
from 20dB at 2.3V control voltage to 6dB at 3.3V control voltage, and the circuit can operate with
supply voltage 2.7V to 5.5V. The performance has been verified with SPICE simulations using
full device and package models. The circuit layout has been completed using CADENCE and

will be housed in a SO8 package.
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Chapter 1
Introduction

Variable gain amplifiers are widely used in RF communication systems. The need for
such a function can be seen by considering a cellular telephone, a wireless indoor communication
network, or a cable TV system. The signal level that reaches the receiver is not constant, but
decreases with distance from the transmitter. To illustrate, the AMPS cellular telephone system
has a cell radius of about 5 miles and the dynamic range of the signal received by the mobile unit
is 80dB to 90dB. For the Infopad project environment which confines communication to within a
room, the signal strength varies as much as 40dB. The receiver has to compensate for this
variation, whether the system is digital or analog. A block diagram of such a receiver is shown in

Figure 1.1.
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Figure 1.1 : Receiver Block Diagram

Conventionally, most of the gain control is done in the Intermediate Frequency (IF), rather
than the Radio Frequency (RF) section. Among the reasons for doing this are that the RF
amplifier can be optimized for low noise, and we can use a higher impedance level in the IF, giv-
ing a higher voltage gain and wider gain range at lower power. The current swing in IF is lower,
hence less distortion is introduced.

However, a variable gain amplifier at RF is desirable for many reasons. In a system that
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the IF section cannot provide the gain control range to accommodate the full dynamic range of the
signal, for example the Infopad AGC chain after the signal is undersampled, the RF section needs
to give additional gain control. An RF VGA can also prevent mixer overload by reducing gain
when the incoming signal is large, i.e., when the receiver is close to the transmitter. Another
advantage of RF VGA is that the gain of a fixed LNA deviates from the designed value due to
process variation, a VGA allows the system designer to adjust gain for optimal system
performance.

A cable TV transmission consists of segments of coaxial cable and repeaters. The
function of the repeater is to periodically amplify and condition the signal which is attenuated by
propagation loss and splitting. The signal level to a repeater depends on the distance between
repeaters and how many times line splitting occurs. In order to ensure that the output signal level
of the repeater equals to a designed value regardless of the input signal level, an automatic gain
control circuit is required.

An Automatic Gain Control (AGC) circuit block diagram is shown in Figure 1.2.

vin O Vout
Level
Detector
Control
Voltage
Generator

Figure 1.2 : AGC Block Diagram

This work concentrates on the gain block. Typically, a level detector already exists in the
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IF section of a communication system receiver unit and the control voltage can be generated
there. If the control loop is implemented at the carrier frequency, as in a cable repeater, additional
amplification is needed to boost the signal to be large enough for the level detector. A detailed
discussion of a RF control loop can be found in [5]. The outline of this work is as follows.

Chapter 2: Discussion of design considerations for a variable gain amplifier. The
specifications at maximum gain are very similar to those of a fixed gain amplifier but due to the
changing characteristic of a VGA, we need to consider its performance at different gain settings.

Chapter 3: An overview of possible architectures for the VGA. Advantages and
disadvantages of each architecture are considered.

Chapter 4: A detailed examination of the cascade of 2 single stage shunt feedback.

Chapter 5: A discussion of practical considerations in the production line. These include
process variation, package parasitics and temperature variation.

Appendix: Circuit schematics and SPICE simulation results using a full device and

package model.



Desi iderati

The design considerations of a RF variable-gain amplifier are somewhat different from
those of a fixed gain LNA. The VGA must have the required frequency response, low noise, low
distortion, input and output impedance matching. We will discuss the criterion for “good” noise
and distortion performance, since noise figure and distortion change with gain. Input impedance

needs to match the source impedance throughout the gain range. The specification to be met is

summarized below:

Gain 0-20dB at 1IGHz

Usable bandwidth 128MHz (for Infopad CDMA application)
Gain flatness 1dB across 128MHz

NF 3dB at maximum gain

Input & Output Reflection coeff. = <-10dB

IP; at input -10dBm
Supply Voltage 2.65V -5.5V
Power 30mW at 2.65V
Operational temperature -40° to 125°C

2.1 Frequency response

The requirement for maximum gain at 1GHz is 20dB. For a single stage, single pole
amplifier with midband gain G and -3dB frequency BW, the theoretical limit of the frequency

response is

GXBW = f, @.1)
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Where fr is the unity current gain frequency of the device. The peak fr for the process considered

here is 12GHz for minimum size devices and lower for larger devices. Due to noise and power
considerations, the size and bias current chosen for the input device degrade fy to about 7 GHz.
Therefore a single stage amplifier cannot meet this frequency response specification. A gain of

20dB at 1GHz is achieved with a 2-stage amplifier which has an ultimate limit of
JGxBW = f, 2.2)

assuming 2 poles at 45° and no loading effects. In a real implementation, the bandwidth is nar-
rower than that predicted by (2.2) due to parasitic capacitances and loading.

As the gain decreases, the bandwidth of the variable gain amplifier can increase or
decrease depending on the architecture chosen, as explained in detail below. In a feedback circuit,
the loop gain must be designed so that it does not increase significantly, or instability will result.
2.2 Gain Flatness

The gain flatness requirement dictates that the amplifier can not operate in the roll-off
region. If the amplifier is ideal with one pole at p and Ipl << 1GHz, the magnitude of the transfer

function near 1GHz is described by

N I

The band edges of the 128MHz band centered at 1GHz are at 936MHz and 1064MHz. The gain
variation 8 in decibels of an amplifier that operates in the gain roll-off region across the band is

then

8 = 2010g190—3—6‘:‘ = 1.11dB (2.4)

which is already more than 1dB. A real amplifier will have additional poles which worsen the
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gain flatness even further. Therefore, to meet the gain flatness requirement, the poles of the
amplifier should exceed 1GHz or at least be at 1GHz.
2.3 Noise Performance

The noise performance is measured By noise figure which indicates how much the ampli-

fier degrades the signal to noise ratio. The noise figure is defined by

Input SNR
NF (numerical) = ————

Output SNR

Total output noise power
(2.5)

Ouput noise from source resistance

NF (dB) = 10log (NF (numerical)) (2.6)

For a noiseless amplifier, all the output noise comes from the source resistance and the
noise figure is 0 dB. For a variable-gain amplifier, NF changes with gain. Under normal opera-
tion, the gain is highest when the input signal is small. The input SNR is small, so NF must be
lowest at high gain to add as little noise to the signal as possible. Lower gain is used for larger
input signals. To maintain equal or better output SNR, NF must not increase faster than the
decrease in gain. The criterion for NF degradation for intermediate frequency AGC is 1dB for
every dB of gain reduction. But since this VGA is at the receiver front end, we also have to con-
sider noise from later stages. The criterion now is that the overall noise figure, including noise
from subsequent circuits, can degrade 1dB when gain is reduced by 1dB.

Consider a cascade of 2 matched-impedance stages shown in Fig 2.1. Both stages could

be amplifiers, or the first one an amplifier and the second a mixer. Thermal noise and shot noise



contribute to the total amplifier noise. Let the total noise of the it amplifer referred to its input be
4kTRpgigej (assume that the input-referred current shot noise can be put in this form). Thermal

noise from the source impedance is equal to 4kTR.

R;
O
R
Power Gain A;  Power Gain A, )
Figure 2.1 : Cascade of two stages
F. = 4kT(Rnoisel +Rs)
1 4kTR,
R_ .
Rnoisel + rz:zlseZ + Rs
NF overall = R
S
NF, -1
= NF, + 2 2.7

For example, the first stage is‘a VGA with NF 3dB (2 numerical) at power gain 100, the
second stage is a mixer with NF 15dB (31.6 numerical). The NF,e,y in this case is 3.63dB.
Suppose at VGA power gain of 4, the NF is 6dB, the overall NF becomes 10.7dB, a degradation
of 7dB. But the input signal level increased by 14dB, resulting in 7dB higher overall output SNR
in the latter case. If NF of the VGA degrades too much with gain, the output SNR can worsen.
2.4 Distortion

In RF amplifier application, the distortion we are mainly concern with is the third order

intermodulation product (IM3). The second order distortion can be filtered out, but the third order



interference is in the signal band and can not be separated from the desired signal. Specifically, if

the output S, is related to the input S; by

S, =a, ((n,)os,.+a2((so,,(soz)o.S'f+a3 (0,, 0, co3)oS?+... (2.8)

where o denotes a complex operator on the magnitude and phase defined by

J(O, +@y+ .. )1t

j (0, + 0, +...)t + LX (0, ®,, ...
X(0,0,...)0€ EICRL AR (0, ©, ...)

= |X (0, 0, ...)] 29)

If S; contains 2 tones at ®,; and ,, the interaction in the third order term in equation (2.8)

produces third order intermodulation components at 2®;—, and 2@,~®; as illustrated in Fig 2.2.

Spectrum
P Ad

IM; at 20)1—(92\1‘ }/IM3 at 200,~;

(%)
Figure 2.2 : Frequency Location of IM3 products

> 0

The magnitude of the third order intermodulation product is given by

Output Component amplitude at 2(0](2)—0)2(1)

IM; =
Amplitude fundamental (©;))

= 319:(®, (5, 0, (2)"‘°2(1))|vf

4] 2
a, (@, (5)) 8) (-0, (yy)

(2.10)

The analytical expression for IM3 at high frequency is complicated even for a single stage

amplifier without feedback. For feedback circuits or circuits with more than one stage, the



calculation is intractable, but there are guidelines for low distortion design. For a common emit-
ter gain stage, the high frequency distortion is optimized near a bias current that sets C,, equal to
Cie.[3] If the circuit has multiple gain stages, the bias current should be staggered. The second
stage should have more bias current than the first, and so on, as the signal swing in a later stage is
larger. Use of feedback, reactive or resistive emitter degeneration, lowers distortion.

The figure of merit for distortion performance in an RF front-end amplifier is the input
third order intermodulation intercept point, IMaj;,,, or IP3. This is usually given in power units of

dBm. For a system impedance 50€2, the power in dBm is

2 2
rm

. Vems Vpeak
= JIms . _peak i
P (numerical) R 100 (2.11a)
_ P (numerical) ) 2
P(dBm) = IOIOg( T W (2.11b)

IP; is the point where the extrapolations of small-signal fundamental output and small-sig-
nal third order intermodulation product meet as illustrated in Fig 2.3. In this example, the
amplifier gain is assumed to be 10dB. Two sinusoidal inputs with frequency ®,; and ®, each at -
40dBm produce fundamental output power -30dBm and IM; -60dB. Larger inputs at -30dBm
produce output power -20dBm and IM; -40dB. The input IP3 from extrapolation is -10dBm.

For a VGA, the circuit characteristics including the input IP; change as gain varies.
Depending on the architecture, the input IP3 may increase as gain decreases to accommodate large
signal, or it may decrease with gain. A desirable feature of the VGA is to have higher input IP; as

gain decreases.
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Figure 2.3 : Intermodulation Intercept Point

2.5 Input & Output Impedance Matching

As the wavelength of the signal under consideration becomes comparable to the size of
circuit elements, lumped circuit models do not apply very well any more and the electromagnetic
wave nature has to be considered to ensure proper signal propagation. The wavelength of the
signal at 1GHz is on the same order of magnitude as the size of the line that carries it. For exam-
ple, the signal on a board with dielectric constant of 3 has a wavelength 10 cm, while the length of

the microstrip line from the antenna to the amplifier can be several centimeters or more and the
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line can not be treated as an ideal connection, but must be considered a transmission line. This
transmisssion line has to be properly terminated by the input impedance of the amplifier, other-
wise wave reflection from discontinuity in propagation constant (impedance) occurs and signal
power is not efficiently transferred to the amplifier.

This design assumes characteristic impedance of transmission line Zg to be 50 Q The

input reflection coefficient, Sy, is the ratio of reflected wave voltage to incident wave voltage at

the input of the amplifier. S;; of a circuit with input impedance Z;; is measured by

S,. (numerical) = z—-———""_zo (2.12a)
n Z_+Z,
S, (dB) = 20log|S,, (numerical)| (2.12b)

Ideally, Z;;=7,=50C2 and all of the incidental wave is transmitted to the amplifier. In this

case, S;1(dB) approaches a large negative number. In most applications §,; <-10dB, which
corresponds to 90% of the incidental power being transmitted, is sufficient. The output reflection
coefficient, Sy, which has similar definition as Sy; with Z;, replaced by Z,,, has the same
requirement.

Since the common emitter is the most widely used configuration of a low noise amplifier,
and is part of many architectures discussed in Chapter 3, its input impedance is examined here.

Consider the small signal equivalent circuit below.
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o

Figure 2.4 : Common Emitter Stage equivalent circuit

At high frequencies, we need to model inductances associated with interconnects. L;
includes bond wire, lead inductance and any external inductance added off chip. L, models the

bond wire to the ground plane. Neglecting C,,, the input im ce is found to be
(1l

l+jog,L,
Yo (2.13)

n

Z, =joL, +

1 ,
jac, +r,+joL, +

To match Z;; to 50€2, we set the real part to 50 and the imaginary part to zero.

L
r,+ e _ 50 (2.14)
Cﬂ
oL, - ——+oL ~—L =0 (2.15)
b oC, " T aC

T

L. is typically 2-3 nH, C;, for the device size and bias current used in front end LNA is about 2pF.
Without Ly, the quantity on the left hand side of (2.15) is negative at 1GHz. With no cascode, the
Miller effect across C,, makes the effective input capacitance larger, and only a small L is

needed. The disadvantage of this is that the -3dB bandwidth of the amplifier is small and the cir-
cuit operates in the gain roll-off region. As discussed in 2.2, the gain flatness requirement cannot

be met. If we improve the bandwidth by adding a cascode, there is no Miller effect across C,., but
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alarge L;, is needed for impedance matching.
2.6 Power Supply and Temperature variation

The amplifier should be flexible enough to operate over a wide range of power supply and
temperature change without significant change in performance. The ambient temperature can be
—40°C to 80°C, and the thermal coefficient of the package is about 1°C/mW. These consider-

ations affect the design of the bias circuit. This is discussed in detail in Chapter 5.
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Chapter 3
gl . E a I .I |
This chapter discusses the advantages and disadvantages of possible variable gain

amplifier architectures. These include the varying transconductance, the multiplier, variable

attenuator, and variable feedback.

3.1 Varying transconductance

The simplest possible variable-gain amplifier is shown below.

R,
VL

RF;, 0—'H L. Ql
RF choke Rg -_—’— bepass

vcontrol

Figure 3.1 : Vdrying transconductance VGA
Veontrol Changes the transconductance of Q; and hence the gain g, R, of the amplifier.

Vconrrol - Vbe

ngl = —TEV-T—Rl (3.1)

The main advantage is the simplicity. Q, can be cascoded for wider bandwidth, although
this will require a larger matching inductor in series with the base of Q, as discussed in section
2.5. Veontrol €an be designed to compensate for temperature variation. Input impedance is con-

stant with changing gain and is given by (2.13). The circuit uses no feedback, so it is low noise.
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The noise figure is approximately
I
ry+ 1 Zq(IB + I—sz)Rs
- m
NF =1+ Tt AT (3.2)

£m decreases at low gain, resulting in slightly higher noise figure.
This circuit has two important drawbacks. First, the frequency response degrades at low
gain. To decrease the gain, the bias current L is reduced, and the unity gain frequency fr of Q;

decreases with the bias current. The device size needs to be large due to noise consideration, and
the power constraint limits the current to several mA. Since the device is large, the parasitic

capacitance C;, dominates and fr decreases with L.

Second, the distortion performance degrades as gain decreases (input signal level

increases). Intuitively, this is because the bias current, I, decreases when gain decreases but the
output swing is the same. The low frequency transfer function from v; to i, is

. 2 3
. = alv‘.+a2vi +a3v.. +...

_al; l(q)2 2 1(q)3 3
= ﬁvi-l-i H' ICV‘--I-G -ﬁ, Icvi+... (3.3)

The expression for third order intermodulation product in terms of magnitude fundamental of out-

put is

.2
343( 2 Lefund
M, = za—f('cf..,.d)* 5 Iz (34)

c

When the input signal level increases, Voo decreases the bias current for constant output signal

level. As can be seen from the above equation, IM; increases at low gain (large input). The inter-



16

cept point at input remains the same because IMj; in terms of input magnitude does not change

with gain. The desired behavior is that input intercept point increases as gain decreases. There-

fore this architecture is not chosen.

3.2 The Multiplier Circuit

Figure 3.2 : Multiplier as a VGA

This VGA configuration is the same as a multiplier or a mixer. Q, provides the transcon-
ductance and input impedance matching. Q,-Q; forms an emitter coupled pair and Vg deter-
mines how much signal current in the collector of Q; goes through Q3 to the output. In high gain
mode, Vg is high, and Q3 acts as a common base stage with a current gain of 1. To attenuate, Vge
is lowered, and only a portion of the signal passes up through Q. This circuit is most often used
as a 2-state variable gain amplifier. The transfer function from v, to i 3 is given by

iy

in= —
c3 1+ e..v"/vr (3.5a)

. _ a1 gV, 2. 1q, 3
iy = k—;v‘.+§(’%,) I,v; *3(1?%‘) I,v;+... (3.5b)
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Ideally, the transfer function from i; to i3 is linear and only Q, contributes to distortion.

In real devices, the basé resistance and finite f§ of the emitter coupled pair add distortion to the
overall transfer function from v; to ic3. The bias current in Q; does not change with gain, so the
distortion due to Q, is fixed. At a lower gain, distortion performance worsens because the bias
current in Q3 is lower at low gain as the output swing remains the same.

No feedback is employed in the multiplier, giving very low noise figure at high gain.
Since this circuit has attenuation, the noise performance at low gain is poor. As mentioned in
section 2.1, one gain stage can not meet the frequency response requirement, therefore another
stage is needed. The noise referred back to the input of Q; from the second stage is amplified in
attenuation mode.
3.3 Fixed Gain L.NA’s with Variable Attenuator

This architecture is the classical VGA in IF design. It has one fixed gain stage, followed
by a variable attenuator, and another fixed gain stage. If the attenuator is placed in front, the SNR
of small input will degrade too much and the signal can be buried in the noise floor before signal
conditioning. If the attenuator is at the output, large input signals will experience large distortion

before they are attenuated.

A\

Ty
10dB — 10dB
|

50Q

oin

Figure 3.3 : Fixed gain amplifiers with variable attenuator
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The attenuator is a IT resistor network which is modeled as shown in Fig 3.4.

R;
vin Oo— VNVL O vout
Rh% %sz

Figure 3.4 : Equivalent I resistor network

The output of the attenuator, assuming no loading from the second amplifier, is simply a

voltage divider.

V. R/ +Ry,

3.6)

In high gain mode, M is fully on, My, , are off and there is no attenuation. To attenuate,
Vyg is decreased to increase the equivalent resistance of M; and Vg is increased. Note that Ry,

does not appear in eq. (3.6) but it shunts the output impedance of the first amplifier and the

attenuation range is wider than an attenuator with only R; and Ry,

This architecture has many advantages. The input and output amplifiers are designed
independently from the gain variation, and therefore can be optimized separately for input and

output impedance matching, gain flatness, and distortion. The bandwidth, S;;, S,, are constant

with gain. The noise at maximum gain is low, and the NF increases about 1dB for each dB of gain
reduction due to noise referred back from the second amplifier. In IF application, the output
amplifier may be designed to drive capacitive load or a different resistance.

However, this circuit is unsuitable for use at the RF front end. The noise from subsequent
circuits: the mixer and the IF amplifiers, has to be taken into account as well. At low gain, the

noise from the second amplifier referred back to the input is ampliﬁed due to the center attenuator.
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If the lowest gain achievable is OdB, the attenuation is 20dB, and noise from the second stage is
amplified by 10dB when referred to the input. Spice simulation shows that at 21dB gain, NF is
3.7dB. At 3dB gain, the NF degrades to 15.3dB. Suppose the mixer noise figure is 15dB, we can
find the overall noise figure according to equation (2.7). Overall NF is 4.1dB at 21dB gain and
degrades to 17dB at 3dB gain. The improvement of the SNR at the output of mixer is only 5dB,
leaving little room for further degradation by filters and IF amplifiers.

Another disadvantage is the loss due to loading. The variable resistors are realized by
using MOSFET’s in triode region. In full gain mode, M,, , can be turned off and the variable

attenuator will have no loading effect. Unfortunately, as M,’s are gradually turned on, they are

very nonlinear when they just begin to conduct because the triode region is very narrow. To avoid

this region of operation, M5, ;, need to be always on. Simulations show that Vg5~V should be kept

above 0.2V for linearity. The attenuator then loads the first amplifier. The input of the second
amplifier can be buffered by an emitter follower to prevent loading the attenuator, but the gain
stage connected to the emitter follower will reduce the input impedance. Therefore, there has to
be excess gain to compensate for this loss.

The distortion characteristic is better than the varying transconductance or the multi-
plier. At larger signal level, the attenuator is activated, reducing the signal swing before gross
distortion occurs.

3.4 Two-Stage Double Feedback

The three architectures above have a fixed front end which provides the advantage of a
fixed input impedance. However, a VGA with a fixed front end has a short coming in that either
the noise or distortion performance degrades more than desirable when the gain decreases. The

distortion performance can be improved by making the circuit more linear at lower gain. Noise
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figure is improved by avoiding attenuation mechanism. Both of these considerations lead to the
two stage double feedback circuit.

The gain-bandwidth product is large because there are 2 gain stages inside the feedback
loop. The circuit is more linear at low gain because the loop gain is higher and distortion is

reduced as the loop gain increases.

-

Vo
Vi O'JW‘——l; Q1
7 Q;

i 3
2

= Rp =

W——rn

Figure 3.5 : 2-stage double feedback circuit

The gain calculated from current and voltage equations of the small signal model is

Yo o Bom Rt R R/ 3.7)
v, BguR/R,+Rp(1+g,,R,)
where
1 1. 1
— = = — 3.8
R T RE, 38)
If R, >> Ry, this simplifies to a simple R, R, voltage divider result
Yo _ IM (3.9)
Yy Rel
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A large R, is desired because it makes the gain strongly dependent on Rpp. This enables
Ry, to control the gain. To achieve this, V, should be buffered by an emitter follower. The gain is

made variable by making Ry, variable. The input impedance varies as Ry, changes and is equal to

Z. = R...==
in 2 Rfl R, (3.10)

R, R

Impedance matching can be maintained by making Ry, a variable resistor as well and keep

the ratio Rpy/Ry) constant. Rej, R, and R; can be fixed. The design equation for Z;, = 50Q is

R, "R, 50 G.

The impedance at the output depends on the output conductance of Q, and current source
Iy, parasitic capacitance from Q, collector to substrate, and the input impedance of the emitter fol-

lower. These components vary because of process variations such as Early voltage, B, and resistor
values. R)in (3.11) thus can vary over a wide range, and the input impedance can vary from the
intended value.

The advantages of this feedback circuit are insensitivity to supply or temperature change,

and better linearity. But as with any feedback circuit, it is noisier than the previous circuits. Ry,
adds a thermal voltage noise, and R, adds a current noise to the input node which translates to a

total voltage noise of

4kTR,; + 3T 2

The total noise figure is approximately
1
" 2y Rer 2qI,R,  2gqI.R, R
NF = 1+ ! + S+ 2’ + == (3.12)
R, %T 1B o) ’akr R
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This architecture is not practical for a variable gain amplifier because of the DC voltage
constraints across Ry and Ry,. They are triode MOSFET"s, denoted by My, and M;, that need to
have V4, =0. The current in My is the small base current of Q; and the condition V4s=0 is easily
met. However, this constraint is harder to meet for Mp,. If the connection is as shown in Fig. 3.6,
the voltage at the emitter of Q is a few tens of millivolts above ground, the collector of Q, is
about 2Vy, above ground if V»=0 is assumed, and Mg, can be in saturation region. To bias Mp
in triode region, we can use an emitter follower buffer to shift the Q, collector voltage down by

one V. and put a diode at the emitter of Q, to raise the voltage up by a Ve to give V=0, result-

ing in the circuit below.

Q oV,
Vi o-W— ~ °
Rpy |
Re2
Rei @ L
MA
Rp

Figure 3.6 : Modified 2-stage double feedback

There are many interferences from the circuitry used to bias V45 of Mg, to a small value.

The diode introduces nonlinearity in the feedback path, the series resistance of the diode adds

noise, and part of the signal is lost in Q3 follower. From a power constraint, the current in Q;
should be kept small, but this introduces signal loss from 1/gy3-Ry, voltage divider. The feed-

back factor is now partly dependent on the bias circuitry, making Rf) and Ry less effective in
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changing the gain.

The signal swing and headroom are limited by the extra circuitry required. The collector
of Q is now 3V, above ground, leaving only a small headroom for the current source I;. The
supply voltage can not go below 4V, or about 3.3V, so the circuit can not operate if the supply

voltage drops to 2.65V. Due to small headroom, a PNP current source with emitter degeneration
which requires less headroom than a PMOS, but has the drawback of higher noise, must be used.
3.5 Single Stage Feedback
A single-stage feedback configuration has the same benefits of better distortion and

noise performance at lower gain as the 2-stage circuit. But the implementation is much simpler,
and there is no complication from the bias circuitry. The headroom is improved, allowing
operation at lower supply voltage. Since there is no interference from the bias circuitry, changing
the values of feedback resistors is more effective in changing the gain than in the 2-stage feedback
circuit.

There is a minor disadvantage compared to the 2-stage circuit. As equations (2.1)-(2.2)
demonstrate, the frequency response of a single-stage shunt feedback is worse than a 2-stage
double feedback, but cascading two single-stage feedback can solve this problem. This is the

architecture chosen and detailed analysis is provided next.



The VGA with a variable feedback element is the chosen architecture. It has good noise
and distortion performance across the gain range. At first observation, a pre-amplifier for input
impedance matching seems necessary because the varying feedback element should change the
input impedance of the variable gain circuit. But a pre-amp is undesirable since it increases
power consumption and circuit complexity. Fortunately, more detailed analysis below shows that
a pre-amp is not needed. Analysis of frequency response, distortion, and noise follows.

4.1 Input Impedance

The first hint on impedance matching comes from examining a local shunt feedback

loaded with a current source and a buffer to the next stage. The high frequency small signal cir-

cuit shown below assumes that the impedance of the load is much higher the feedback.

R¢
V""‘ Q Vout
Zi .
. rL: 'l'l'l —I_.i:
Y v
R, x T Vi &mV1
Vin

Z,

Figure 4.1 : Local shunt feedback with high impedance load

To find Z;;, we put a voltage source v, and find the current flowing through it. Note that R¢
is in series with a current source. The value of the current g,,v; depends only on g, and voltage

divider r,, Cy, and Z,. So R¢ should not affect the current drawn from v, and hence the input
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impedance at all. Solving KCL at the emitter gives

1+g . Z +C_(r,+Z)s
= m~e n\'b " “e @.1)
8utCys
which is independent of Ry as expected.
The voltage gain from v, to the output is
You _ y_ 'y “2)
v, 1+g,Z,+Cs(r,+2,)

Equations (4.1) and (4.2) indicate that the gain can be changed by changing R, while the
input impedance remains constant. Unfortunately, the input impedance achieved this way is too
low due to the following reasons. To minimize thermal noise from the base resistance, a large

device (36x chosen) must be used. The bias current to maintain a high f for such a large transis-

tor is high (2.5 mA chosen), resulting in a low input impedance. A series resistance or an L-C
matching network is needed to match the impedance. If a series resistance is used, the noise per-
formance will degrade and part of the signal power is dissipated in the resistor. An L-C network
does not contribute to noise or signal loss, but the match is narrow-band and variation in the ele-
ment values causes the input impedance to change significantly.

Another way to boost the input impedance is to reduce the current going into Rq. This is

achieved by putting the correct load at the collector. Note that vy, the voltage across C;

v
- X
Y1 = 14g Z +C_s(r,+2) 4.3)
m©e n b (2

is independent of Ry and load Z;. Therefore the current gp,,v; is independent of Rgand Z;. If we let
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Z, supply the right amount of current to g,v;, input impedance is matched.
The expression for input impedance for general R and Z; is given below. The derivation

involves no approximation.

7 1/Z,+8,/(1+8,Z +C,s(r,+2,)) C,ps -1 4
in = T+R/Z, *T9gz+Cs+2)) “9

Little insight can be gained from the complicated expression above, although the ratio
R/Z, provides some hint. Examining the circuit itself provides some intuition as to how the
input impedance can be matched as Ry is changing. If Z, is fixed, when Ry decreases, the current
in Ry increases and the current from Z, decreases since the current g,,,v, is fixed, resulting in lower
impedance. If we want the current in R; to remain constant while R; is decreasing, Z; needs to
decrease to provide the same current to g,,v;. Implementation of Z; is another local shunt feed-

back stage, resulting in the circuit in fig. 4.2.

o— 36x L{|— 12x

Figure 4.2 : Two stage local shunt feedback

A SPICE simulation using a full device and package model shows that S;; stays below

—10dB in the 128 MHz band centered at 1GHz throughout the gain range (see Appendix A).
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4.2 Frequency Response

The unity gain frequency fr of the 36x device is about 7 GHz. A single stage amplifier
can not achieve 20dB gain at 1GHz, but the theoretical gain-bandwidth product of the two stage
amplifier is high enough to achieve that in practice. The gain under matched impedance condition

is

1 1
&mi 1 Em2 1
where G, = ————-— and G , = —D0 ___
™ 1+g,,2, Ry "2 1+g,.Z, R,

The gain is made variable by using triode MOSFET’s as Ry, Ry, and controlling the gate

voltages. The equivalent resistance, assuming a square law device and V,;=0,is

1

R, = 4.6)
9 w
"’Coxf (VGS- Vl)
Therefore, the gain as a function of control voltage is
I __8m _ _ (E’ ) -V, -
2(1 + 8m1Ze) HCox L ’(Vgc Vbe V'))
A, (Vgc) = 4.7)

w
l’Lcox( Z)z (Vgc - Vbe - Vt)

It is worth noting that the gain is approximately inversely proportional to the control
voltage. The gain range of this circuit is relatively small compared to that of a multiplier or an
attenuator for this reason. The 1/Vg, characteristic is evident in the plot showing gain versus
control voltage in Figure Al in the Appendix.

4.3 Noise Figure

The major noise sources are the thermal noise from the base resistance and the feedback
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resistor, collector and base current shot noise, and thermal noise from the current source M 1- The
base resistance thermal noise is minimized by using a large device with rp of only 11Q2 The col-
lector current shot noise referred to input voltage noise is 1/2g,, thus should be minimized by

running large bias current. However, power dissipation increases along with base current shot
noise. SPICE simulation shows that noise figure does not improve significantly for bias current

larger than 2.5 mA, which is the value chosen.

The current source M; is needed in place of a resistor due to power consideration as the

supply voltage changes. A PMOS is used because it is less noisy than a PNP current source. The

noise figure is approximately
T ; 2qI,R.  2gl R
NF = 1+ R"'(Q')+ quT’+ qcl:’ +7 2
s 4 IB j0)[“4kT Reqmy)
38m R\ 8m(0))

The values used in this design are R; 50 Q, 1, 11 , gryq1) 0.1 A7V, I 28pA, I 2.55 mA,

IBl 7 at 1 GHz, Regautv) 340 Q at 20dB gain, gy 3.5mA/V. Substitution of these values gives

NF = 1+ ;_(6) +0.027 + 0.05 + 0.147 + 0.0047 = 1.55 (numerical)

=1.9dB

The noise from the second stage has a significant contribution because the collector of the
first device is a low impedance node for the impedance matching requirement hence the voltage

gain of the first device is low. SPICE simulation gives a total noise figure 2.6dB at 20dB gain.
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4.4 Distortion
Distortion is dominated by the nonlinearity in the feedback resistors. As Figure 4.3 dem-

onstrates, the linear range of a triode MOSFET is narrow at low V.-V, and widens as Vs
increases, and the width of the linear region is approximately Vgs-V,. To achieve lower gain, Ry is
reduced by raising the gate voltage, resulting in a larger linear range. Thus the linearity improves

to accommodate larger input level at low gain, and the input IP; increases as gain decreases.

0 0.5 1 15

2 25 3 35 4
Vds (Volts)

Figure 4.3 : 1V 4, characteristic of a 60/1 NMOS

4.5 Output Stage

The output impedance of the cascaded amplifier is a few hundred ohms, so an output stage
for output impedance matching to a S0Q2 load is needed. Either an emitter follower stage or a
common emitter with emitter degeneration for linearity can be used. The real part of the output

impedance of the emitter follower is low, and the overall output impedance is inductive due to the
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B roll off at high frequency. Therefore, either a series resistance matching or an L-C matching
network is needed. A series resistance introduces signal loss, and the gain prior to the output
stage need to be higher than 20 dB to have an overall amplifier gain of 20 dB. Distortion is then
higher because the signal swing at the internal nodes is larger. The L-C matching network alter-
native can be used, but the obtained output impedance is very sensitive to component variation

and the match is narrow-band. In addition, the emitter follower still introduces loss due to the

1/g,, and 50€ impedance divider.

A common emitter with emitter degeneration allows unity gain and impedance matching
simultaneously. Although the collector resistor needs to be 50 Q for impedance matching, this
configuration allows utilization of the gain of the device so that a unity gain can be achieved. The
match is wide-band, and not very sensitive to component variations. This is the output stage cho-

sen for this amplifier.
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The analysis in Chapter 4 captures most important aspects of the circuit. In actual fabrica-
tion, packaging, and placing the chip on a circuit board, there are many non-idealities that can
alter the behavior of the VGA. There are deviations from nominal values of circuit components.
The bond wires from the silicon to lead frames have inductance that affect the gain, input and out-
put impedances. The metal line on board that brings supply voltage to the chip can present an
inductive load to the internal supply node on chip and serves to couple signals in different stages
to each other. Care must be taken to minimize the effects of these non-idealities on the circuit.
5.1 Process Variation

There is significant deviation from a nominal value in integrated-circuit fabrication. The
absolute value of a resistor can be £12 % from nominal. As a result, the bias current, gain, and
output impedance can vary. Doping concentrations of the emitter and the base can vary, resulting
in deviation in the base transit time and base resistance. Longer transit time causes the bandwidth
of the circuit to be lower than expwéd. A higher base resistance adds thermal noise directly at
the input, causing a higher NF. The base-emitter and collector-substrate parasitic capacitances
can be higher than nominal, degrading the frequency response further. To ensure proper produc-
tion yield, we examined the performance at the worse possible case.

5.2 Temperature Variation

Since a PTAT current source is used in this circuit, the transconductance of the BJT’s is
compensated against temperature variation. However, temperature change can still affect the gain
through the temperature dependence of the equivalent resistance of the triode MOSFET’s. This

can be seen by considering eq (4.6) repeated here for convenience:
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1

R
w
p'cox— (VGS - Vt)

(5.1)

eq=

For a PTAT current source, the current increases linearly with absolute temperature. V.
for a constant bias current decrease about 2 mV/C and slightly less for PTAT bias current. From

SPICE simulation, the V. of the device size chosen changes from 0.885 V at -40°C t0 0.617 V

at 125°C, and V, decreases as temperature increases, thus the term Vgs-V; = Vool VeVt
increases. The other temperature dependent parameter in (5.1) is . Since the scattering mecha-
nism is dominated by phonon scattering in this temperature range, the mobility p decreases with
increasing temperature. | has a stronger temperature dependence than (Vg-Vy), so the overall
effect is that for a constant gain control voltage, R, and the gain increases with temperature.
5.3 Interconnects

The circuit fabricated on silicon needs to have ohmic contacts to the outside world for the

input/output, power, and ground. The diagram below demonstrates an example of the intercon-

nects inside and outside the chip.

V.. wire
Voltage cc
Source c 1 X lead frame
«1 L | .
u-/“ nd wire
Si

™

l:-l-: I::l'linput

Figure 5.1 : Interconnect example

The interconnects affect the circuit because of the series inductance introduced. The

inductance of a bond wire from silicon to the lead frame is about 1 nH/mm. At 1GHz, the imped-
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ance of a InH inductance is 6.3Q reactive which is the same order of magnitude as the system
impedance 50  If this inductance is not taken into account in the analysis, the frequency
response, input impedance, and distortion predicted will differ significantly from the measure-
ment results.

The inductance from the external wire that bring supply voltage to the chip (Vcc wire in
Fig. 5.1) needs to be considered. Ideally, the internal supply node (x) should be an ac ground, but
with this inductance, it is not. Depending on where the external bypass capacitor which makes an
ac ground (C,,, in Fig. 5.1) is placed, the inductance between the internal supply node (x) and the
ac ground can be from a few nH to 50nH. This inductor allows a signal in a later stage to couple
back to the previous stages, causing instability or distortion. The input and output impedances are
also affected by the inductance. To minimize the effect of this large inductor, an on-chip passive
bypass is employed. The ac current on the internal supply rail returns to ground via this low

impedance bypass instead of through L., and the resulting voltage swing on the internal supply

is greatly reduced. The placement of the on-chip bypass with respect to the complete circuit is

shown in Fig. 5.2.

Lyc <-c-ces-=-- Silican . ...l
= | Lo
@eoy . | Fst| | Second P
et stage stage :
: Rbp
Lgndl Lgnd2 Lgnd3

Board gnd plane

Figure 5.2 : Location of on-chip supply bypass
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The capacitor Cy, and series resistance Ry, form the passive bypass. The parasitic series
resistance associated with the capacitor can be used to implement Ry,;. Ly is the inductor from
internal supply to external ac ground. Lgpg, 5 3 are the bond wire inductance. The value of Cppis
chosen such that around the operating frequency @, the impedance on the internal supply line is

Ry, instead of large inductive caused by L. This is achieved by setting

0 =~ 5.2)

IJ Cprgnd3

The value of Ry, 50 that the circuit exhibits no ringing to a step input is about 10Q Without the
on-chip bypass, the impedance is joL,. which can be up to 300j. With the bypass, the imped-
ance is Ry in parallel with this inductor. Since Ryp is much lower, it dominates the impedance
there.
5.4 Bias Circuit

The property of the bias current is chosen to meet the power supply voltage, and opera-
tional temperature specification. The circuit has to operate over a wide range of supply voltage
(2.65 to 5.5 Volts) and temperature (—40° C to 125° C) without significant change in the character-
istic. Supply independent current source is therefore required. The bias circuit must also have
temperature compensation. The transconductance of a BJT is inversely proportional to tempera-
ture for a given collector current. If the collector current is made proportional to the temperature,

then the transconductance is constant with temperature. A PTAT current source satisfies both of
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the requirements.
I = constxT (5.3)
I 1 . t
8 = v = 957 = T (54)

The PTAT current generator is shown in Fig 5.3. For the parameters chosen,

Vbel = Vbe2 +Ic2R

VT
Iy =1,=Fln4 (5.5)

The up-down helper corrects the B dependent of the bias current while maintaining V=0, pro-
viding headroom for My, If only a simple npn helper is used, the headroom is not sufficient at
2.7V supply. RE; serves both as a current source to the pnp and startup path from V. to ground.

The base of Q7 has a dominant pole that stabilizes the Q,-Qg-Q4 feedback loop.

Mptan Mpiarz M;
L
RE;
Qs
Q, RB,
RB;
e o, Q BIAS,
1x fl{ 4x
Ry REg

Figure 5.3 : PTAT Current Source
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Conclusion
Various variable-gain amplifier topologies have been investigated. The variable local
feedback circuit is chosen due to good noise and distortion performance across the gain range.

The characteristics from SPICE simulations are summarized below.

Center Frequency 1 GHz

Bandwidth 128 MHz

Gain 20dB @ V. 2.3t06dB @ V. 3.3

NF 2.6dB @ 20dB gain, 6.7dB @ 6dB gain
IP; -15dBm @ 20dB gain, -2dBm @ 6dB gain
S11,822 <-13dB

Supply Voltage 27t055V

Temperature Range -40° to 125°C

Power @ 2.7V, 25°C 32 mW
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Figure Al : Circuit Schematic



Component value listing

BJT’s

MOSFET’s

Capacitors

Resistors

Inductors

Q1a,Q1b,Q1c¢,Q2
Q3

Mi1M2
Mfl
Mf2

Cl1
C2
C3
C4
C5
Cbypass”
Rbypass
Cé6

*

*

*

*

: BNG12x
: BNG 10x

: 12071
1 60/1
: 140/1

: Large off chip
: 6pf. gate cap

: 4pf. gate cap

: 8pf. gate cap

: 4pf gate cap

: 15pf gate cap

: 11Q (parasitic series resistance of Cbypass)
: Large off chip

* All gate capacitors have 9% parasitic from the bottom plate to substrate.

RE3
RC3

:BN 12Q
: BN 50Q

All inductors are parasitic.

Lgnd1,Lgnd3
Lgnd2
Lgnd4

Lin

Lvce

Lout

Lvgc

Lcan

: 2.35nH (comner bond wire plus lead frame)

: 1.72nH (center bond wire plus lead frame)

: 1.72nH (center bond wire plus lead frame)

: 2.72nH (bond wire, lead frame and 1nH series in C1)
: 2.35nH (comer bond wires plus lead frame)

: 1.72nH (center bond wire plus lead frame)

: 2.35nH (comer bond wire plus lead frame)

: InH (bypass cap. parasitic series inductance
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