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A Wide Dynamic Range Variable Gain Amplifier with Enhanced
IP1 dB and Temperature Compensation

Hisayasu SATO™ "%, Takaya MARUYAMA ', Toshimasa MATSUOKA ", and Kenji TANIGUCHI'", Members

SUMMARY  This paper presents the design consideration of a four-
stage variable gain amplifier (VGA) with a wide dynamic range for re-
ceivers. The VGA uses parallel amplifiers for the first and second amplifiers
in order to improve the input third-order intercept point (IIP3) in the low
gain region. To investigate the behavior of the VGA, the gain and linearity
analyses are newly derived for the parallel amplifiers, and are compared
with the measured results. In addition, the principle of the temperature
compensation is described. The gain control range of 110 dB, the IP1 dB of
—11dBm, and noise figure (NF) of 5.1 dB were measured using a 0.5 um
26 GHz fr BiCMOS process.

key words: VGA, 1dB compression point, noise figure, wireless,
transceiver, IIP3

1. Introduction

Variable gain amplifiers (VGAs) are indispensable building
blocks for wireless transceivers in order to maximize the
dynamic range of the overall systems. The VGAs for re-
ceivers are typically used in an automatic gain control loop
in wireless systems, and adjust the received signal ampli-
tude so as not to overflow the input dynamic range of A/D
converters. For many wireless applications, such as Wide-
band Code Division Multiple Access (WCDMA), the re-
ceivers have to handle unpredictable receiver power which
has an 80 to 100dB range [1]-[3]. Therefore, the VGAs
have to satisfy both high linearity at low gain and low noise
at high gain. In addition, to achieve precise gain control and
avoid signal phase discontinuity during gain settling, ana-
log VGAs with monotonic gain control characteristics are
preferred.

The basic concept of an analog VGA with linear-in-dB
gain characteristics is introduced in Ref. [4]. A vast amount
of the VGAs reported so far are based on this circuit topol-
ogy. Figure 1 shows a conventional variable gain amplifier
(Type 1) using a bipolar quad. The output current of the
lower differential pair is controlled by current steering with
the upper differential pair. The current transfer of the upper
differential pair can be written as

Iy 1

Ie - I+ exp (_Vcnt/VT)
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Fig.1  Conventional VGA (type 1).

= exXp (Vcnt/VT) (_Vcnt/vT > 1) B (1)

where V7 (=kT/q) is the thermal voltage, and V,,,, I.; and
I, are the control voltage to the upper differential pair, one
side of the collector current of the upper differential pair,
and the emitter current or the output current of the lower
differential pair, respectively. As shown in Eq. (1), it is easy
to make linear-in-dB characteristics using the bipolar quad,
and it can cover 20 to 30dB of gain variation. That is why
this circuit topology is widely used.

On the other hand, the conventional VGA can not avoid
the substantial problem of noise and linearity tradeoff be-
cause input linearity, such as the input third-order intercept
point (IIP3), and NF, are mainly defined and fixed by the
emitter degeneration resistor Rg. Both a small NF for a
small input signal and a high IIP3 for a large input signal
are required for wireless applications.

One solution for this problem has been proposed in
Ref. [3]. Since it did not show the design consideration for
linearity, we will discuss an analysis of the gain and linearity
of the VGA in detail in this paper. In addition, temperature
compensation will be described.

In the following section, we introduce the wide dy-
namic range VGA with parallel amplifiers proposed in
Ref. [3] again. Then the voltage gain and linearity of the
VGA are discussed using simple circuit analysis. The prin-
ciple of the temperature compensation is also described. In
Sect. 3, the measurement results of the VGA and a compar-
ison between the calculated and simulated results are pre-
sented. The conclusion is given in the final section.

Copyright © 2011 The Institute of Electronics, Information and Communication Engineers
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2. VGA Design

2.1 VGA Circuit

One effective solution to overcome the noise and linear-
ity tradeoff problem mentioned in the introduction is to
use two amplifiers, which have different characteristics to
each other, in parallel. Figure 2 shows a simplified cir-
cuit of the parallel-amplifier VGA (Type 2). The VGA has
two amplifiers, a high-gain amplifier (HGA) and a low-gain
high-linear amplifier (HLA). The differential pair without
an emitter degeneration resistor is the HGA, while the other
pair is the HLA. The output currents of the HGA and the
HLA are combined at load resistors Rc. The control volt-
age V., for these amplifiers changes complementally. The
gain of the HGA grows as the V,,, rises, while the gain of

High-gain amplifier (HGA)
High-linear arppliﬁer (HLA)
OuT

INIE
—
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L Ry

ASE
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Fig.2  Parallel-amplifier VGA (type 2).
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the HLA becomes smaller. Although this circuit topology
aims at a high IIP3 at low gain and low noise at high gain,
the VGA has another problem. Since the HGA has a much
larger gain than the HLA, the third-order distortion current
generated by the HGA becomes dominant. Therefore, the
total IIP3 of the VGA decreases suddenly when the total
gain exceeds the minimum gain by even a little.

Figure 3 shows the VGA proposed in Ref. [3] for the
first and second stages. The HGA and HLA of the first stage
(HGAL1 and HLAL1) are fully separated and paralleled, and
have a common input and different outputs. Since HGA1
and HLLA1 have their own load resistors (Rc1y and Rcir),
the gain and linearity of each amplifier can be designed
and optimized independently. The gain control is done by
the variable current sources I,y and I, instead of the up-
per differential pair. The I;5 and I;; are complementary,
and generated by a differential amplifier, which will be de-
scribed in Sect.2.4. This configuration has the advantages
of large voltage headroom, or high linearity, and small cur-
rent consumption at low gain. The tail current of HGA1 is
large for low noise, and is reduced at low gain. The second
stage HGA and HLA (HGA2 and HLA?2) follow HGAT1 and
HLAT, respectively. The second stage is a Type 2 VGA. The
output currents of the HGA?2 and the HLA2 are summed at
the output load resistors Rc».

Figure 4 shows a block diagram of the 4-stage VGA,
where the first and second stages are Type 3 VGA. Conven-
tional Type 1 VGAs are used for the third and fourth stages
because the noise and linearity requirements are more re-
laxed at the input of the third stage. Note that the control
voltage V., for the high-gain path and the low-gain path is
complementary to obtain high linearity at low gain. Each
stage of the four stages is connected by capacitor coupling
to avoid saturation of the amplifiers due to DC offset.

The advantages of this configuration are as follows.

HGA2 HLA2
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Fully parallel-amplifier VGA (type 3).
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Fig.4  Block diagram of the 4-stage VGA.
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Fig.5 (a) Cascaded amplifter, (b) parallel amplifter, (c) simplified circuit
of the parallel amplifter.

First, the noise, linearity, and current consumption of the
first stage can be optimized. Second, the distortion current
of the HGA1 at low gain and the noise current of the HLA1
at high gain are suppressed at the second stage.

2.2 1IP3 of Parallel Amplifiers

The Type 3 VGA uses parallel amplifiers for the first and
second stages, and thus the allotment of gain and linearity
for the HGA and HLA has to be considered. To optimize
the circuit parameters, we analyzed and calculated the gain
and the IIP3 of the VGA.

The overall IIP3 of a cascaded amplifier, shown in
Fig. 5(a), has been derived in Ref. [5].

L1
iip3%as iip3% iip3§

2)
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iip3cas = , (3)

iip3% " iip3%
where iip3c.s, 1ip31, and iip3, are the 1IP3 of the cascaded
amplifier, the first stage, and the second stage in voltage do-
main, respectively, and g; and g, represent the voltage gains
of the first and second stages, respectively.

On the other hand, there is no literature about the I1P3
of a parallel amplifier, as shown in Fig. 5(b). To derive the
overall IIP3 of the parallel amplifier, consider two transcon-
ductors gm; and gm; connected in parallel and a common
load resistor R¢, as shown in Fig.5(c). In general, the
IIP3 [dBm] is expressed as follows,

1IP3 = Pi+ G2— M3 L Pi. @)
where Pi [dBm] and G [dB] are the input power and power
gain of the amplifier, respectively. Therefore, we have the
third intermodulation IM3 [dBm]

IM3 =3Pi+ G - 2IIP3. (5)

Considering the first amplifier has power gain G, [dB]
and IIP3; [dBm], and the second one has G, [dB] and
1IP3, [dBm], we have

IM31 =3Pi+G1—2IIP31 (6)
and
IM3, = 3Pi + G, — 2I1P3;. @)

The total /M3 [dBm] is obtained by the sum of both
IM3, and IM3; in antilogarithms.

3Pi+G|-211P3| 3Pi+Gp-211P3, )

IM3,, = 1010g(10 0 +107 ™

g7 9

= 10log| 2 + 22| + 3Pi. 8)
e Al Y
iip3]  iip3;

The total power gain G, is

Gior = 20log{Rc (gmy + gma)}
10log (g; + g2)2. 9

Note that g1, g», iip3, and iip3, are voltage quantities
rather than power quantities.

The overall IIP3 of the parallel amplifier IIP3,,,,, is ob-
tained by substituting Eqgs. (8) and (9) for Eq. (4).

Pi + 101og(g; + g»)*

11P3 g = 5
2 2
1010g(“gl4 + “924)+3Pi
~ iip3]  iip3; P
2
= 10log — 21192 (10)
g 93

iip?a‘lt iip?a‘zt
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For the IIP3 in voltage domain, as shown in Eq. (3),
we conclude that the overall IIP3 of the parallel amplifier is
represented by

2 _ g1+ g
para — .
g . 9%
+
iip3}  iip3;

iip3 (11)

In general, the ITP3 of n parallel amplifiers is expressed
as

T SO — (12)

2.3 Analysis of VGA Gain and I11P3

The gain and the IIP3 of a bipolar differential amplifier with
and without degeneration resistors shown in Figs. 6(a) and
6(b) have been discussed in Refs. [6]-[8]. To calculate the

VOUT

) 1./2

()

Fig.6  (a) Simple differential amplifier, (b) emitter-degeneration differ-
ential amplifier, (c) simplified circuit of the parallel amplifier.
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gain and the IIP3 of the VGA in Fig. 3, we modified the
equations in these works for the differential amplifier with
a common emitter-degeneration resistor shown in Fig. 6(c),
and used the equations discussed in Sect.2.2.

For the simple differential amplifier without the degen-
eration resistor, the HGA, the voltage gain and the IIP3 are
given by

IgRc

2Vr
iip3y =4Vr, (14)

gn = gnRc = (13)

where I, Rc, and Vr are the tail current, the load resistor,
and the thermal voltage, respectively. Note that iip3 is a
zero-peak voltage. For the common emitter-degeneration
differential amplifier shown in Fig. 6(c), the HLA, the gain
and IIP3 are expressed as

IR
g1 =geRe = —— o (15)
2Vr + >
3
. IgRg\?
3, =4Vr |1+ s 16
ip3L T( 4VT) (16)

where Ry is the common emitter-degeneration resistor. The
coefficients in Eqgs. (15) and (16) are modified from the
equations in Ref. [8].

Despite the fact that these formulas are available only
for small input signals, they are effective in analyzing the
VGA because the VGA operates in a linear region, and the
IIP3 is defined at a small input signal.

The gain of the fully parallel-amplifier VGA (Type 3)
is given by

Grype3 = JGHGA1YHGA2 + JHLAIGHLA2

_ LigRcin bhaRe» 1
2Vr 2Vr 1+ eXp(—chz/VT)
IiiRciL LR 1

a7)

2V + e 2y afe Texp(Vou/ V)

where Iy, 111, Ly, and Iy, are the tail currents of the first
and second stages, respectively, and I,y and I5; are constant
currents. Here, I,y and [;; are variable currents expressed
as

LiHo
Lig = 18
= T exp (~Vomt V) (1%
I
I 10 (19)

1 +exp(Veur /Vr)'

The control voltages V., and V., are converted
from control voltage V., using a control voltage generator,
which will be discussed in the following section.

The IIP3 of the Type 3 VGA can be obtained as follows.
First, derive the IIP3 of the high gain path (HGP) which con-
sists of HGA1 and HGA?2, and of the high linear path (HLP)
which is composed of HLA1 and HLA2. Then, calculate
the total ITP3 using Eq. (11) because the Type 3 VGA is re-
garded as a parallel amplifier to HGP and HLP. The ITP3s of
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Fig.7 1IP3 of the 1st-2nd stage versus Vcont.

HGP and HLP are given by
iip3 =
p2rGp 1 Thgai
0P34, P34
4V,
- rr (20)
()
iip3 =
pomLp 1 T
ip32, . P34,
4V,
= L . Q1)

2
( N Reip )
TILR
1 2vy+ ILREL

3 3
hiRey Y DIRED Y
(H iy I+~

Finally, the overall IIP3 of the Type 3 VGA is obtained by
substituting Egs. (20) and (21) for Eq. (11).

2 _ YHGAIYHGA2 T YHLAIGHLA2 2
type3 — ( )
(grca1guca)* | (guiaiguran)®
GAL) + lguLng,
iip3fcp iip3yp

In the same way, we can calculate the total gain and the
IIP3 of the four-stage VGA.

Figure 7 shows an example of the IIP3 comparison be-
tween the Type 3 VGA and a conventional VGA (Type 2 +
Type 1) under the conditions that the gain variation range
is 40dB, and iip3nGai, and iip3yra; are 0.104 Vo_, and
2.05 Vo, respectively. In spite of having the same IIP3
as the first stage of the Type 3 VGA, the total IIP3 of the
conventional VGA is much lower than that of the Type
3 VGA at the low control voltage region. This is because
the third-order distortion current generated by the HGA be-
comes dominant, as described in Sect. 2.1. Figure 8 shows a
comparison of the total IIP3 for the 4-stage VGA. The Type

iip3

1315

9dB

HP3total (dBm)
&
(=}

—— Type3
—&— Type 2+ Type 1

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50
Erotal (dB)

Fig.8  Total IIP3 versus total gain of 4-stage VGA.

1 VGAs are used for the third and fourth stages. The total
ITP3 of the Type 3 VGA is improved by 9 dB at the total gain
of —50dB. In the high gain region over —10dB, both IIP3s
show the same characteristics because the non-linearity of
the high gain amplifiers becomes dominant. In this region,
the degradation of the IIP3 does not have a harmful influ-
ence on the circuit because the input signal swing is much
smaller than the IIP3.

2.4 Temperature Compensation

Since the transmission and the reception are done alternately
in the Time Division Duplex (TDD), the calibration can be
performed before the period of the switch of the transmis-
sion and the reception. On the other hand the communica-
tion is continuous in the Frequency Division Duplex (FDD).
Therefore, a continuous temperature compensation is re-
quired to correspond to the temperature change during the
communication. Figure 9 shows a control voltage generator
to compensate for the temperature dependence of the VGA.
First, with the V-I converter which is composed of a voltage
follower and a resistor Ry, the gain control voltage V,,,; is
converted to the current /y; proportional to V,,,,. The output
current Iy, is expressed as

VL'()n[
Ry

Iy; = ky; (23)
where ky; is a constant coefficient. Second, the current
converter outputs the currents I, and 1., in proportion to
both T and V,,,;. The I.,; and I, are connected to HLA2,
HGA2, HGA3, and HGA4 through current mirror circuits,
and make the control voltage V,,, and V,,, in Figs. 1 and
3 with resistors R.,; and R,», which are not shown in the
figure. Finally, the current is converted as proportional to
T times the exponential of T'V,,,, over V; by the exponen-
tial converter. The output current /.., and I, supply the
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Fig.9 Control voltage generator.
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Fig.10  Current converter to temperature proportional current.

tail current for HGA1 and HLA1 through current mirror cir-
cuits, respectively.

Figure 10 depicts a simplified circuit of the current con-
verter based on a current multiplier [9]. The I.,; and 1., are
the output current, Iy, is the output current of the V-I con-
verter, and /. is the constant current. The /7 is the tail cur-
rent for the differential pair, and is in proportion to T. Both
I,.s and I are made by a bandgap reference circuit, current
mirrors, and resistors. The relations between each current
are expressed in the following equations.

Ient 2 Lepy = Iyy - (Iref - IVI) (24)
Leniy = It = Lops. (25)

From Eqgs. (24) and (25), one of the output current [,
is given by
Ir . kT kyVeon

Iy = —
cnt Iref \Z4

(26)
I ref RVI

where 1,.¢ is constant, and I and Iy; are proportional to T
and V,,,, respectively, and k; is a constant coefficient. Thus,
1.y 1s proportional to both T and V..

IEICE TRANS. ELECTRON., VOL.E94-C, NO.8 AUGUST 2011

TG o
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Fig.11  Exponential converter.

The control voltage V,,; and V., are given by

Vcnt(cntZ) = cht(cntZ) (Icm‘ - Icm‘b)
= cht(cm2) (2Icnz - IT)
2 kyV.
= Renenk1 T (—— - 1) 27)
Les  Ry;
where R.,; and R,,;» are the resistors which define the con-
trol voltage. From Eq. (1), the current transfer is expressed
as

R

2 kviVeon
IL_‘l > exp {cht (cnt2)kl T (E % - 1)]
Vr
92 kviVeon
exXp (cht (cntZ)kl % m v}lle)

_ ] (28)
exp (Rmz(cnzz)k 1 %)

Equation (28) shows that the current transfer, or the gain of
the second, third, and fourth, is proportional to exp(Veeus)
and has no temperature dependence.

Figure 11 shows a simplified circuit of the exponential
converter, which consists of a differential pair with the tail
current I, proportional to T. One of the output current /.,
is given by

I.uR> — It3R
Lo = Iy exp(M)

Vr
kyikiRyq k3Riq
= kT Vcon - 29
2 eXp( LRk V™ "k (29)

where Ir3 is bias current proportional to T, and k, and k3
are constant coefficients for I, and I3, respectively. Equa-
tion (29) indicates that I, is proportional to T times the
exponential of V,,,,. The current /.., is the difference be-
tween I, and I,.,;.

The output current I,.,; and I, are mirrored to the
tail current of the first stage amplifiers /15 and I, in Fig. 3,
respectively. Using Eqgs. (13) and (15), the gain of HGA1
and HLA1 is given by

_ qhiwRcin _ gkaRcin . bqVeon
JHGA1l = =a exp

2kT 2k k-

(30)
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LR RciL G1)
gHLAL = 2kT | LiRer — 2k Rer
q 2 cqky eXP(— Lv;fam) 2

where a, b, and ¢ are constant coefficients which are design
parameters. Since both gyga1 and ggra; do not include the
term T, a temperature independent gain is obtained.

In fact, each bias current, I,.¢, I7, I7>, and Ir3, is de-
termined by a resistor. Therefore, I,.f, ki, k> and k3 are pro-
portional to the reciprocal of the resistor value which has
temperature dependence. However, Reucn2)ki and I Ry;
in Eq. (28), kyRc1y in Eq. (30), and kRcy. in Eq. (31) be-
come constant because the temperature coefficient of each
resistor is canceled.

3. Experimental Results and Comparisons

The VGA was fabricated using a 0.5 um Bi-CMOS pro-
cess that has 26 GHz fr npn transistors, lateral pnp transis-
tors, and CMOS transistors. A die photograph is shown in
Fig.12. The chip consists of a pair of 4-stage VGAs and
a demodulator, PLLs, and a transmitter, which comprise an
IFIC for WCDMA [3]. The chip occupies 4 x 4mm?”. To
improve the noise and linearity performance, circuit param-
eters, such as degeneration resistors, decoupling capacitors
for bias circuits and resistors of the control voltage genera-
tor, were slightly changed from those of Ref. [3].

Figure 13 shows the relation between the measured to-
tal voltage gain and the control voltage V,,, at 190 MHz
input. The total voltage gain includes the VGA gain, the
demodulator gain of 40 dB, and the 8 dB matching gain of
an external matching circuit for measurement. A variable
range of more than 110dB (-28 to 83 dB) was obtained.
The gain variation for temperature is shown in Fig. 14. The
gain variation from —30° to 85°C was found to be within
1.7dB, which means that temperature variation was less
than 0.014 dB/°C over the entire dynamic range.

Fig.12  Die photograph of the

GA.
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The noise figure versus the voltage gain is shown in
Fig. 15. The NF at 80dB gain is 5.1dB (5.3 dB in Ref. [3])
at room temperature. This varies + 0.2dB at —30°C and
85°C.

90 T T
—0— T=-30°C
| —— T=+27°C
ceeAre- T=485°C

Av [dB]
W
(=)

-10

04 06 08 1

12 14 1.6 1.8 2 22 24
Vcont [V]

Fig.13  Measured voltage gain versus control voltage (f = 190 MHz, Vcc
=3.0V).
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04 06 08 1 12 14 16 1.8 2 22 24
Vcont [V]
Fig.14  Gain variation from —30°C to +80°C.
50 1 T \
—0— T=-30°C
40 4\ —f— T =+27°C |
---A-- T=485°C
o 30 B
= \ﬁ
23
Z 20 \x
10
0

20 30 40 50 60 70 80 90
Av [dB]

Fig.15  Measured NF versus voltage gain (f = 190 MHz, Vce = 3.0 V).
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Table1 Performance summary and comparison of VGAs.
This work 2000[10] 2003[11] 2003[12] 2002[13] 2007[14]
Technology 0.5pm BiCMOS BiCMOS 0.5pm BiCMOS | 0.18um CMOS | 0.25pum CMOS | 0.18um CMOS
Frequency [MHz] <600 <500 50 380 380 <900
Gain range [dB] 111 78 98 73 80 94
NF @Gmax [dB] 5.1 5 4.9 5 11 6.8
IP1dB [dBm] -11 (ITP3 =-8) -15 -18.6 - -11
Current [mA] 4.4-6.6 12 13 6 25.3 11.4
100 0 —t
90 Calc.
80 -10 tgﬁg —8— Meas.| |
70 '
50 E A
@ 40 2 30 x
= =
Z 2 o
< 20 S
10 T 5 A
0 X
-10 -60
-20
-30 -70
-40 -30 20 -10 0 10 20 30 40 50 60 70 80
04 06 08 1 12 14 16 1.8 2 22 24 Av [dB]
Veont [V]
Fig.17  Input P1dB variation versus voltage gain (f = 190 MHz, Vcc =
Fig.16  Voltage gain versus control voltage (f = 190 MHz, Vcec = 3.0V, 3.0V, T =27°C).
T =27°C).

To confirm the circuit analysis, calculations using the
equations were compared with the measurement and circuit
simulation results. Figure 16 shows the total voltage gain
versus V., of calculation, measurement, and simulation.
The demodulator gain of 40dB and the matching gain of
8 dB are simply added to the calculation. Close agreement
was found between the calculated, measured, and simulated
results. Although the circuit analysis is simply a small sig-
nal DC analysis, it is effective in estimating the characteris-
tics of the VGAs at an operating frequency below the 3 dB
bandwidth of 600 MHz.

The same comparison for input 1 dB compression point
IP1 dB versus voltage gain is shown in Fig. 17. The calcu-
lated IP1 dB is obtained by simply subtracting the matching
gain of 8dB and 9.6 dB from the calculated IIP3 [S]. The
calculated result shows a good fit with the simulated and
measured results. The difference between the calculated re-
sults and others at the high gain region of more than 50 dB is
due to the non-linearity of the emitter followers of the fourth
stage, which is not taken into account in the calculation. As
mentioned in Sect. 2.3, the degradation of IP1 dB in this re-
gion does not have a harmful influence on the circuit. The
circuit parameters, such as degeneration resistors and bias
resistors of the control voltage generator, were redesigned

using the linearity analysis and circuit simulation. The mea-
sured maximum input P1dB was —11dBm (-15dBm in
Ref. [3]) at minimum gain.

With a 3V power supply, the current consumption of
the VGA varies from 4.4 mA (minimum gain) to 6.6 mA
(maximum gain) including the control voltage generator and
bias circuits. Table 1 summarizes the measurement results
of the VGA and comparison with previous studies.

4. Conclusions

A wide-dynamic-range four-stage VGA with temperature
compensation and an analysis of the gain and linearity of
the VGA have been presented. The VGA using parallel am-
plifiers for the first and second amplifiers achieves a low NF
in the high gain region and a high linearity in the low gain re-
gion. The input P1 dB at minimum gain is improved by 9 dB
compared with a conventional VGA. The VGA hasa 111 dB
gain control range with a maximum current of 6.6 mA. In
addition, the analysis of gain and linearity using the newly
derived IIP3 for parallel amplifiers shows close agreement
with measured and simulated results.
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