H28% AW
2007 4F 4

= %= W

CHINESE JOURNAL OF SEMICONDUCTORS

Vol.28 No.4
Apr. ,2007

Single-Stage Wide-Range CMOS VGA with Temperature Compensation
and Linear-in-dB Gain Control

Yun Tinghua®, Yin Li, WuJianhui, and Shi Longxing

(National ASIC System Engineering Technology Research Center, Southeast University, Nanjing 210096, China)

Abstract: A novel wide-range CMOS variable gain amplifier (VGA) topology is presented. The proposed VGA is

composed of a variable transconductor and a novel variable output resistor and can offer a high gain variation

range of 80dB while using a single variable-gain stage. Temperature-compensation and decibel-linear gain charac-

teristic are achieved by using a control circuit that provides a gain error lower than * 1. 5dB over the full tempera-

ture and gain ranges. Realized in 0. 25;m CMOS technology,a prototype of the proposed VGA provides a total

gain range of 64. 5dB with 55.6dB-linear range,a P4 varying from —17.5 to 11. 5dBm,and a 3dB-bandwith va-

rying from 65 to 860MHz while dissipating 16. 5mW from a 2. 5V supply voltage.
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1 Introduction

The variable gain amplifier (VGA) is an in-
dispensable block at the front end of many com-
munication systems for maximizing the dynamic
range of the receivers,and it is also used in other
applications such as medical equipment, hearing
aids,and disk drives''~* . To buffer receiver elec-
tronics from changes in input signal strength by
producing a known output voltage magnitude, a
VGA is typically employed in a feedback loop to
realize an automatic gain control (AGC) circuit.
The linear-in-dB gain control characteristic for a
VGA is usually required to achieve a constant set-
tling time for the AGC loop™’'. There are two op-
tions to achieve variable gain, depending on
whether the control signal is digital or analog.
Digitally controlled VGAs or programmable gain
amplifiers (PGA) use a series of switchable resis-
tors or switched capacitors to control gain. In
PGAs,the gain varies as a discrete function of the
control signal, which can lead to discontinuous
signal phases that can cause problems in many sys-
tems. In order to reduce the step of jumps.a large
number of control bits are required with digitally-
controlled VGAs. Therefore, for applications that
require smooth gain transition, VGAs controlled
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by analog signal are preferred,and they need only
one gain-control signal line.

Wide gain control range is one of the most
important specifications for VGAs. For example,
a gain dynamic range of at least 80dB is required
for CDMA systems. There are practical limitations
in realizing a wide dynamic range from a single
variable-gain stage because of device nonlinearity
and parasitics associated with a large excursion of
the operating point. A typical gain control range
is less than about 30dB in a single-stage sys-
tem" """ A gain dynamic range of 50dB was re-
alized in a Gilbert-type variable transconductor in
Ref.[ 8], but the relationship between the gain
and the control signal is linear-in-magnitude in-
stead of linear-in-dB, which is another require-
ment for VGAs for use in AGC loops. In order to
cover a wide dynamic gain range, existing VGAs
use multiple stages of amplification or attenua-
tion'"*%"1 Multiple stages require a greater supply
current,and the noise and linearity degrade at the
output of each stage as more stages are cascaded.
Additionally,a multiple-stage amplifier introduces
another problem: DC-offset cancellation. Single-
stage VGAs with more than 70dB gain dynamic
range were proposed in Refs. [9] and [10], but
they are all implemented in BICMOS, which is not
cost-effective.
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In this paper,a CMOS variable gain amplifier
with a wide gain control range realized in a single
stage that uses a variable transconductor and a no-
vel variable output resistor simultaneously is pro-
posed. Theoretically, the gain dynamic range of
the proposed VGA is improved by a factor of two
compared to a conventional one, which is com-
posed of only a variable transconductor. Further-
more, temperature compensation and linear-in-dB
gain control characteristics corresponding to the
control voltage are achieved by using a control
circuit accomplishing voltage-to-current conver-
sion.

2 Limitation on gain range of conven-
tional VGA topologies

A Gilbert-type four-quadrant multiplier can
be used as a variable transconductor since its out-
put is equal to the product of the two inputst*11,
as depicted in Fig. 1 (a). The analytic transcon-

ductance of the multiplier is™®'"

Gu=(8m.2 = &us. )= 2KN(W/L) (/1cr =/ 1)
(D
where I¢, and I, are the tail currents of two par-
allel differential pairs, respectively, and Ky =
20 Cox . In a typical implementation, the sum of the
two tail currents is a constant current Ig. The
gain dynamic range in dB without change in po-

larity of the voltage gain is given as"'"

GDR(dB) =~ 20lg

\/ISS —
[Iss _ [Iss _
2 2 I,
20lg I
S S N
2 2 I

where I, is the difference between I and [, at

the minimum gain setting. Consequently, the gain
control range achieved from the variable trans-

(2

conductance is limited by the mismatch between
the two differential pairs. For example,the equiv-
alent mismatch factor I,/Is is about 2% and
1.5% for the VGAs proposed in Refs. [8] and
[11], which in turn lead to about 40 and 50dB
gain variation ranges,respectively. Another draw-
back of the VGA depicted in Fig.1(a) is that an
exponential voltage/current generator must be a-
dopted to achieve linear-in-dB gain control™®’,
which is not an easy job, especially while imple-

mented in CMOS technology, since there are no
intrinsic exponential-law devices.

(®)

Fig. 1 Conventional VGA topologies using variable
transconductor and/or variable resistor

Figure 1 (b) shows another VGA topology.
which is composed of a differential pair (M5 and
M6) that serves as a variable transconductor,and
diode connected loads (M7 and M8) that serve as
a variable resistor'"*'? Considering that all tran-
sistors in Fig. 1(b) are in the saturation region,
the voltage gain can be expressed as™

s 8ms.e Ky(W/L)s 1y _ I

ain = = =B /5

BN s N KWL le ~ AN T
(3
where S is a constant related to sizes of transistors

M5~MS8,and I and I, are the tail currents as
shown in Fig.1(b). By means of the rational ex-
pression proposed by Harjani'', a linear-in-dB
gain control characteristic was realized. However,
due to the square root function in Eq. (3) ,half the
cffective dB-linear variation range provided by
I3/ Iy was lost, resulting in only a 15dB-linear
variation range,as described in Refs.[1] and [2].
A second-order rational expression was adopted
which can provide a linear range of about
60dB'"*'; however, the gain variation achieved
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from a single variable-gain stage implemented
with Fig.1(b) was reduced by 1/2.

3 Circuit implementation

3.1 Amplifier block

Here we present a compact VGA topology to
realize wide-range gain control. The gain varia-
tion is doubled compared to the Gilbert-type VGA
[in Fig.1(a)],and the linear-in-dB range is not
halved due to the square-root of the current ratio.
Detailed discussion of the circuit implementation
is given below.

Figure 2 shows the circuit of the amplifying
block of the proposed VGA, including the com-
mon-mode feedback circuit. The amplifier consists
of a variable transconductor implemented with a
modified Gilbert-cell (M1~M4) and a novel vari-
able output resistor (M5~MS8). The variable resis-
tor is composed of a pair of diode-connected de-
vices (M7,M8) and a pair of cross-coupled devices
(M5, M6), which are responsible for implemen-
ting a positive resistor and a negative resistor sep-
arately. Four tail currents are used to control the
magnitude of the transconductance and the resist-
ance as shown in Fig.2,where I + [ = Iss. As-
suming that M1 ~ M8 are of the same size, the
voltage gain can be derived as

Av:GmRo:(gml.z_gm3.4)[(_Z/gms.ﬁ) H (Z/gnﬂ.x)] =
ngml.zfgmLm _ valss*«/lm
8mr.s — ms.6 [1ss — /I

Therefore,the maximum voltage gain occurs when

4

the current I approaches zero and the current
I, approach I, while the minimum gain occurs
when [, approaches Is and I, approaches zero.
In order to avoid the phase inversion problem and
ensure stability, the maximum of the currents I
and I, is chosen by design to be

max(le s [c) = I — I, (5)
where I, is the mismatch current between I or
I, and I at the gain limits. From Eqs. (4) and
(5), the gain dynamic range provided by Fig. 2
can be expressed as

Vs ] _
\/ISS _\/ISS - IA

1

GDR(dB) = 20lg

401g (6)

1-/1 4

_ 1a

ISS
Compared to the VGA as shown in Fig.1(a),the
dynamic range of the proposed VGA is doubled.
For example. about 80dB 1is provided from
Eq. (6),while only 37dB is provided from Eq. (2)
for the same mismatch factor I,/Is of 2% . Cas-
code transistors (M9~ M12) are used to improve
the frequency response, as shown in Fig. 2, and
their gate voltage VGC is designed as functions of
the gain to improve the linearity' "',

VDD
by ML2 ML | c L
p MI :I I:
! 1 I 8 |———— M17
R,
|
V,+ [
Ve= .
=M9,10 ] Mll’1|2 |
Vae IS 1 1
13,léj M15,16 V-~
V| ':. Ml,2)—!:1 E M3,4 ;1| Vi v I E V.
MS5,6 M7,8 V.t
Vm. ref
Via
Vb_lt }[\\ Ver _|t J[('l Vea %t Jl"z Vb_{t llss C) Tyias ()[b‘“‘
MBI MC1 MC2 MB2
VSS

Variable transconductance G,, —>j«—— Variable resistance R, —>}¢—— Common-mode feedback

Fig.2 Circuit schematic of the amplifying stage



%4 Yun Tinghua et al.: Single-Stage Wide-Range CMOS VGA with Temperature Compensation and --+ 521
.. 30
3.2 Control circuit block
20
Considering I, + I = I, the voltage gain 1oF

of the proposed VGA shown in Fig.2 can be rear-
ranged from Eq. (4) as

’\/ISS_ 158_1(‘3 _
A, &~ 2 X =
Vs =VIe:

1_V1_I(:2/Iss Icz
1=/ Iss \ISS
Substituting X:%—& into Eq. (7) ,we have
ss
1—\/%“' (% - I(iz/lss>
Av%ZX =
1
1 —\/%— (7 - Icz/’ss)
L- %“‘ 1 1
2 X N —?<X<? (8)
1- % - X

For x—0,Equation (8) can be simplified using a
Taylor series approximation to

V2
1 -0+ x)
A~ 2 X — 2 Spx W2 D -x
1—@(1—)0 WZ-D+x
bx L= phexp(— 2ax) 9)
1+ ax
where a = 1 and b =2. Therefore, the voltage
V2-1

gain expressed in Eq. (7) can provide linear-in-dB
gain control characteristic. The plot of Eq. (7) in
dB-scale as a function of I /I is shown in
Fig. 3.

T
24dB-linear range

25
“% OF with+ 1dB error
-10
......... Ideal line
204
—Eq.(7)
- : I
30 02 04 06 08 1.0
ICZ/ISS

Fig.3
“2” in Eq. (7) is omitted for clarity

dB-scale plot of Eq. (7) where the constant

As can be seen from Fig. 3,a linear range of
only about 24dB with a linearity error less than
+ 1dB is provided. From Fig. 3, we see that in or-
der to increase the dB-linear range /. should be
compressed compared to the linear variation a-
round the center where I /Iss =0.5. This idea is
just the same as what was proposed in Ref.[13].

A control circuit that generates three control
currents I¢ s I, and I is shown in Fig.4. A dif-
ferential pair (M19, M20) with two diode con-
nected loads (M23,M24) is used to generate Iq
and I ,which realizes a relatively linear function
of Icy/IssCor I¢;/Iss) to small variation of V.,
and a nonlinear compression function with in-
creasing V.. Transistor M27 is designed to be size-
controllable to realize a controllable gain varia-

tion range,as shown in Fig.4,where three digital
bits are used to control the mismatch current /,.
Gain variation ranges provided by the proposed
VGA are given in Table 1 for different mismatch

[ ]|

VDL)
[y M26 M27 14 LiM=56+(0~7)M28 | \1_c4
. N
' e . Voo
() [ref
+o——|H M19 M20 Ell——fl le,z%:'lJ M=56

2T>H|:

M23[Y m24

Fig.4 Circuit schematic of the control stage
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currents. The gain error between theory and simu-
lation is mainly caused by the accuracy of the cur-
rent mirrors. From Table 1,the largest gain varia-
tion range is about 80dB for a mismatch factor of
1/64,which is close to that in Refs.[8] and [11].
To ensure performance stability with the process
variation,we choose a mismatch factor of 3/64 as
the default design parameter;the following simu-
lation results are all based on this assumption.

Table 1
for different mismatch currents

Gain variation range of the proposed VGA

Mismatch Total gain variation dB-linear
factor D,D;Dy range/dB range within
Is/1ss Theoretical ~ Simulation 1.5dB error

1/64 111 84.22 79.6 64.6
2/64 110 72.11 70.1 62

3/64 101 65 64.5 56.5
4/64 100 59.93 57.2 52.2
5/64 011 55.98 53.1 48.2
6/64 010 52.74 49.8 44.5
7/64 001 49.99 47.6 42.6
8/64 000 47.59 45.2 40.7

3.3 Design consideration for temperature varia-

tions

A temperature-insensitive gain control char-
acteristic over wide temperature and gain ranges
is desired. Figure 5 gives the simulation result of
the temperature variation of the proposed VGA
without temperature compensation. It shows poor
temperature-independence, with the largest gain
error being about 8dB.

20

10

Gain/dB

0.5

Fig.5
temperatures without temperature compensation

Gain versus control voltage V¢ at different

In order to analyze the temperature sensitivi-
ty of voltage gain to gain control voltage V., we
need to reconsider the voltage gain expressed in
Eq. (4) including the gain control stage as shown
in Fig.4. We define the differential output of con-

trol currents I and I, as

dlc
17%( C.,d
SRV

Ko (W /L) IssAVc (10)
where Kp =y, Coxsand I is the tail current of the
differential pair (M26, M27). Thus, I and I
can be expressed as

Alcy = T —

AVe = gmig0AVe =

Iss Al
= — +
I 5 5 1D
Iss  Alcy
5 = — — - ]2
I, 5 5 12

Substituting Eqs. (10) ~ (12) into Eq. (4) and
using Taylor series approximation,we obtain

Ss — §+Alc,d «/E—l—AIIC'd

A, =2 % 22 _ox —
Iss  Alcg 2_1+A C.d
Vs =5 =5 v Tss

T /Kpm;/L)m,zoMC

58 (13)
T 1+ /Kpm;/L)m,zoMC

SS

Therefore, in order to realize temperature-inde-

2 X

pendent gain, the current Iss should be of the
same temperature coefficient as Kp,which is a de-
creasing function of temperature. The easiest way
to get a current preoperational to K, is to bias a
pMOS transistor in the saturation region by a tem-
VGS, but
from power supply and process cannot be en-

perature-independent independence
sured. A practical bias circuit to generate [, in
Fig. 4 is shown in Fig. 6, which consists of a tem-
perature-independent current [,,a preoperation-
al-to-temperature current (PTC)™" ,and a current
subtraction circuit. The bias current I, is given as

Lo=1-1,=1, -

2 % L(l - L)
mCou(W/L) " RIV UK

a4
In Eq. (14), I, is proportional to temperature
while I, is independent of temperature;therefore.
I, is a decreasing function of temperature.

4 Simulation results

The proposed VGA with bias generator is im-
plemented in 0. 25,m CMOS technology and veri-
fied using Agilent advance design system (ADS).
The simulation results are all based on the mis-
match factor of 3/64 as depicted in Fig. 4. The
VGA dissipates a constant current of less than
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Fig.6 Proposed bias circuit to generate [, for tem-
perature-independent gain

6. 6mA from a 2. 5V supply voltage.

Figure 7 shows the small-signal voltage gain
versus control voltage V. at 20MHz for three
temperatures ( — 30, 27,80C). Compared to the
gain control characteristic of the uncompensated
VGA (as shown in Fig. 5), the linear-in-dB gain
control characteristic is achieved over the full
temperature and gain range. The total gain varia-
tion range obtained from a single variable-gain
stage is 64.5dB, and the linear-in-dB gain range
with less than £ 1.5dB error is 56.5dB as shown
in Fig. 8.

20
10
0k
-10

20 -

30 —27C
---------- -30C

-40 ——-80%C

50 L l l 1

05 <03 -0.1 0.1 03 0.5
VIV

Gain/dB

Fig.7 Gain versus control voltage V. at different
temperatures of the proposed VGA with the bias gen-
erator shown in Fig. 6

The frequency response of the proposed VGA
is shown in Fig. 9. The 3dB bandwidth is 656MHz
at a maximum gain of 18.5dB,and 860MHz at a
minimum gain of — 46dB. Figure 10 shows the
simulated P_,;3 of the proposed VGA as a func-
tion of gain, which varies from - 17.5 to
11. 5dBm. The overall VGA performance and a
comparison with other works are given in Table

2. As shown in Table 2, the proposed VGA
achieves the largest gain variation range using a
single variable-gain stage, while maintaining other
performances ( power consumption, bandwidth,
linearity ) comparable with other works. Al-
though,at present,only the simulation results are
given, the measurement results of the proposed
VGA are expected soon, thanks to related works
contributed by Duong'® and Yun'', in which

similar variable cells (as shown in Fig.1) were

used.
3 800
- -30C
2 27C
m +1.5dB
=
I
b5}
g
<
]
56.5dB-linear gain control
3 | 1 1
-0.4 -0.2 0 0.2 0.4

V.UV

Fig. 8 Decibel-linear gain error versus control voltage
Ve at different temperatures (f=20MHz)

20

Gain/dB
)
(=]
T

1 1 1
10 10° 10! 10? 10°
fIMHz

Fig. 9 Frequency response for different control volt-
age Ve (Vo= —-0.3~0.3,step=37.5mV)

15
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5
Joe) g
S ° g
g 5
-10
-15
-50 | | 1 1 20
-0.5 -0.3 -0.1 0.1 0.3 0.5
VIV
Fig. 10 P _y4 of the proposed VGA versus control
voltage
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Table 2 Overall performance summary of the proposed VGA and comparison
3dB Gain Gain
Ref. Year CMOS bandwidth P -1 Power- range/Number variation in
technology /dBm consumption )
/MHz of stages one stage/dB
[1] 1995 2pm 85 * 10mW 30/2 15
[6] 1997 0.4pm 71 —57.6~13 6mW/3V 81/3 27
[2] 1998 0.5um 150 * 12. 5mW/3. 3V 15/1 15
[4] 1998 2pm 6 * 2.9mW/3V 30/1 30
[3] 2002 0.25um 30~210 -40~-38 27.5mW/2.5V 80/4 20
[7] 2003 0.18um 350 -32~10 5.4mW/1. 8V 84/3 28
[8] 2004 0.18ym 2000 * 40mW/1. 8V 50/1 50~
[11] 2005 0.25um 106 -40~-4 76.8mW/3.3V 40/1 40
[12] 2006 0.18um 32~1050 — 48~ —-17 6.5mW/1. 8V 95/2 47.5
This work 2006 0. 25pm 65~860 -17.5~11.5 16. 5mW/2. 5V 64.5/1 64.5
* Linear-in-magnitude gain control
wide-range CMOS variable gain amplifier. IEEE Trans Cir-
5 COHCluSiOHS cuits Syst II: Analog and Digital Signal Processing, 1998, 45
(7):800
[ 5] Khoury J M. On the design of constant settling time AGC
An all-CMOS variable gain amplifier with a circuits. IEEE Trans Circuits Syst II1: Analog and Digital sig-
wide gain control range realized in a single varia- nal Processing.1998.45(3) ;283
ble-gain stage is proposed. The VGA is composed [ 6] Piazza F.Orsatti P, Huang O, et al. A 2mA/3V 71MHz IF
. . amplifier in 0. 4pm CMOS programmable over 80dB range.
of a variable transconductor and a novel variable IEEE 1SSCC. Digest of Technical Papers, 199778
output resistor. Theoretically, the gain dynamic [7] KwonJ K.Kim K D.Song W C.et al. Wideband high dy-
range of the proposed VGA is improved by a fac- namic range CMOS variable gain amplifier for low voltage
tor of 2 compared to the traditional one,which is and low power wireless applications. IEE Electron Lett,
only composed of a variable transconductor. Fur- 2003’39<7>f759 A ) A A
. . o [8] WuCH,LiuCS,LiuSI.A 2GHz CMOS variable-gain am-
thermore.a control circuit reallZIHg V-1 conver- plifier with 50dB linear-in-magnitude controlled gain range
sion is also proposed to achieve temperature-inde- fro 10GBase-LX4 Ethernet. IEEE ISSCC. Digest of Techni-
pendent and wide-range linear-in-dB gain control cal Papers,2004:484
characteristics corresponding to the control volt- [o] Abglgar“fal S’KT.(;'SrOWb?yllgi 2)"?;"”;0“ A-A Si“g]C'St?gc VC“;
. . able-gain amplifier wit - namic range for -
age. Simulated in 0. 25Hm CMOS teChHOIOgy’ the MAZ(g)OO tranfmit applications. IEE]}; J Solid—Stitc Circuits,
proposed VGA provides a total gain variation of 2003.38(6) 911
64. 5dB and a 56. 5dB-linear range with a linearity [10] Carraa F,Palmisano G. High-dynamic-range VGA with tem-
error of less than * 1. 5dB. The current dissipation perature compensation and linear-in-dB gain control. IEEE J
is less than 6. 6mA from a 2. 5V supply voltage. Solid-State Circuits, 2005,40(10) ;20192024 ‘ A
[11] Yun Tinghua. Tang Shoulong.Shi Longxing. A highly linear
CMOS IF variable gain amplifier with exponential gain con-
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