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A Wideband CMOS Variable Gain Amplifier
With an Exponential Gain Control

Hui Dong Lee, Student Member, IEEE, Kyung Ai Lee, and Songcheol Hong, Member, IEEE

Abstract—A CMOS wideband cascaded variable gain amplifier
(VGA) with a temperature-independent exponential gain control
characteristic is presented in this paper. The exponential gain con-
trol function is realized using parasitic bipolar transistors and a
control signal converter. The bandwidth is extended using an in-
ductive peaking technique for high-frequency operations. The gain
of the VGA varies from —38.8 to 55.3 dB in relation to the con-
trol voltage that varies from 0 to 1.8 V. The bandwidth of the pro-
posed VGA is approximately 900 MHz with a gain control range of
94.1 dB. The proposed VGA includes a dc offset cancellation loop
to avoid amplification of the dc offset. The VGA is powered by 1.8 V
with 11.4 mA. The VGA chip including bondpads occupies an area
of 850 um X 490 pm.

Index Terms—CMOS analog integrated circuit, gain control,
linear-in-decibel gain characteristic, temperature compensation,
variable gain amplifier (VGA), wideband systems.

I. INTRODUCTION

HE variable gain amplifier (VGA) is an indispensable

building block to maximize the dynamic range of modern
wireless communication systems [1]—[3], as well as medical
equipment, hearing aids, disk drives, and so on [4]-[7]. A VGA
is typically employed in a feedback loop to realize automatic
gain control (AGC). The VGA of an AGC loop is used to
control the transmission signal power or to adjust the received
signal amplitude.

There are two possible approaches to build the VGA. One is
to build a discrete gain step VGA with a digital control signal
[8]-[10], and the other is to build a continuous VGA controlled
by an analog gain control signal [1]-[7]. In general, digitally
controlled VGAs use binary weighted arrays of resistors or ca-
pacitors for gain variations [11] and analog VGAs adopt a vari-
able transconductance or a variable resistance to control the
gain. For a code division multiple access (CDMA) system re-
quiring a power control range larger than 80 dB, the VGA with
continuously variable gains is preferred because it avoids signal
phase discontinuity that is expected to cause problems [3], [12]
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and it reduces the large number of control bits required with dig-
itally controlled VGAs. Until now, VGA circuits based on var-
ious technologies such as bipolar, BICMOS, and CMOS have
been introduced [1]-[12]. Recently however, CMOS VGAs are
preferred due to the low cost and easy integration with other
CMOS analog/digital parts.

An important requirement for a CMOS VGA is a decibel-
linear gain control characteristic, where the gain of the VGA
changes exponentially with the control signal. The exponential
gain control is required to achieve a wide dynamic range and to
maintain the AGC loop settling time independent of the input
signal level [12], [13]. However, it is difficult to realize this ex-
ponential function due to its inherent square or linear charac-
teristics in CMOS technology. Although a transistor operating
in a subthreshold region has an exponential characteristic, it is
generally not preferred due to other unfavorable effects such as
noise and bandwidth [14]. Another possible method is to use
parasitic bipolar transistors to generate the desired exponen-
tial function. The linear-in-decibel gain control signal is gener-
ated using the relationship between a collector current (/) and
base-to-emitter voltage (Vpg). This is strongly dependent on
the temperature and processes. Therefore, various compensation
techniques that guard against the temperature and the process
variations are required to have an accurate signal power control
mechanism. Obviously, temperature compensation is needed to
control the output level in a linear-in-decibel manner over a wide
dynamic range [15]. It is also preferable to minimize the reso-
lution of the digital-to-analog converter, which drives the gain
control terminal [12]. The method used to generate the tempera-
ture-independent exponential function requires complex circuits
However, this method achieves a linear-in-decibel controlled
range of more than 30 dB per stage, which is difficult to achieve
using a pseudoexponential function in a short-channel CMOS.

Another important aspect of a wideband VGA is a large band-
width. There are many systems for high-speed data communi-
cations such as ultra-wideband (UWB) systems, wireless local
area networks (LANs), and Bluetooth [16], [17]. These systems
provide a high data rate with relatively low power consumption
in short-range wireless communications. For high-speed data
communication, the bandwidth of a VGA must be very wide.
Therefore, a wideband VGA is a key component.

In this paper, we introduce a wideband CMOS VGA with
an exponential function generation. We discuss the VGA im-
plementations in the view of the bandwidth and the obtainable
gain range and, for that purpose, we compare some recently re-
ported VGAs in Section II. In Section III, the method required
to generate the exponential function is discussed and the sim-
ulation results are shown to prove the validity of the proposed
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1364

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 55, NO. 6, JUNE 2007

VDD
VDD
-
@ @ .
. Cc3
14
] ot Ve,
p L

{[w w2 |—| M3 M4'T—| Vor

in

Ia ]b
()
VDD
.« w2
% L L .
.Vout = Vout
+o—¢t 02 o »-I:loi 4
VCTRL
- C
Q5 Q6 M2
Vin
| |

Fig. 1. Four types of VGA topologies.

approach. The proposed VGA is presented in Section IV, which
also includes a detailed description of the circuit topology. The
measured performance and conclusion follow in Sections V and
VI, respectively.

II. COMPARISON OF VGA CIRCUITS

There have been some challenges in the design of the VGAs
to meet gain-control accuracy, stability, and linearity require-
ments. Here, the design techniques from previously presented
CMOS VGAs focusing on both VGA cells with various gain
control schemes and linear-in-decibel gain variation character-
istics are discussed.

Most CMOS VGAs use a pseudoexponential function [4]-[6]
expressed as e” =~ (1 + x)/(1 — ) for decibel-linear gain
control characteristics. As shown in Fig. 1(a), the core of the
VGA consists of a differential amplifier and diode connected
loads. The differential gain of the VGA in Fig. 1(a) is equal to
Im—mM1,2 Rout, Where g, 1,2 is the transconductance of the
input differential pair and R, is the output impedance. Since
the output is a diode connected load, R, is proportional to
1/gm_1\,1374. Since g, —m1,2 and g,, 3,4 are functions of the
bias current, the gain variation is obtained by controlling the
bias currents of the input pair (7,,) and diode loads (7). CMOS-
based VGAs that adopt this function offer less than 15 dB of gain
range with a linearity error of less than £0.5 dB [4]-[6]. Owing
to the limited gain range in recent research, multiple stage VGAs
have been used to satisfy the required dynamic gain range of

wireless systems. To improve the gain control range, the control
currents (I, and I) are generated by (1) based on the Taylor
series approximation function [18]. The core VGA circuit is the
same, i.e.,

ax

e [k +(1+ aa:)z]
e [k+ (1 - az)?]

2ax

ey

where a and k are fixed and x is the independent control vari-
able. The VGA exhibits a gain control range of more than 35 dB
with a gain error of less than -1 dB through the optimization of
the values of a and k; however, its operating frequency varies
with the control currents.

In Fig. 1(b), the quasi-exponential function of a successive
approximation was realized using a simple R — r attenuation
with a combination of the constant resistance R of the rigid
resistor and the variable resistance r of the combined triode
of MOSFETs [19], [20]. The R — r attenuation can be ex-
pressed as 1/(1 + R X gqs). Accordingly, we can approximate
1/(1+ R X gas) to exp(—2R X gas). It is well known that gqs is
proportional to the gate source voltage (gas o Vjs) in the triode
region. Thus, we can control the gain of the R — r attenuator in
the exponential function. In this scheme, as the control voltage
increases, the quasi-exponential curve expands more and more
by successive approximations. In addition, the more MOSFETs
that are turned on, the wider the piecewise exponential curve be-
comes. This results from the overlap conductance of the MOS-
FETs previously turned on. However, using only a single stage
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of the R — r attenuation is not satisfactory to obtain the expo-
nential function in the required dynamic range.

Fig. 1(c) shows a signal-summing VGA, which has advan-
tageous low noise and low distortion characteristics [21], [22].
The signal-summing VGA can operate at a high frequency be-
cause the gain control stages are common base transistors. How-
ever, an unusable gain control range of approximately 20 dB re-
mains around the maximum gain in this type of linear-in-decibel
VGA. This unusable range damages the noise performance and
reduces the operable gain range. In a bipolar linear-in-decibel
VGA, a temperature stabilizing technique with an additional
temperature-dependent current has been proposed [23]. How-
ever, this stabilizing technique itself is sensitive to the device
parameters of temperature, and the reported results have shown
that the variable gain characteristic is still sensitive to temper-
ature. A MOSFET equivalent circuit, which can use the entire
MOSFET’s operation region from the square law region to the
exponential law region, has also been reported [24]. However,
its performance in high-frequency response, noise, gain, and
gain error was lower than that of the bipolar linear-in-decibel
VGA when compared [23].

To achieve both a high bandwidth over several hundred mega-
hertz and a wide dynamic range, the CMOS VGA cell based
on a differential cascode structure with a resistor load [25], as
shown in Fig. 1(d), has been reported. By controlling the op-
erating point of the input transistors (transistors M1 and M2)
of the cascode amplifier in the VGA cell from saturation to the
linear region, it is possible to control the transconductances of
the MOSFETSs and the linear range of input transistors with a
low distortion without sacrificing bandwidth. It is also possible
to maintain a good high-frequency characteristic by applying a
constant tail current source (Ip). This has achieved a high band-
width characteristic using a cascode structure. However, it is
difficult for a structure with a resistor load to operate with a
comparable performance at a low voltage because there is no
headroom for a larger output voltage swing. As reported in [2],
the CMOS VGA adopts a differential cascode structure and a
differential structure using the pseudoexponential function in
Fig. 1(a). For a low-voltage and high-frequency operation, the
CMOS VGA uses an active load instead of a resistive load. The
current sharing bias scheme with a constant current also im-
proves the dynamic range and linearity. However, the bandwidth
of 350 MHz is insufficient for CDMA UWB operations.

From the viewpoint of a high-frequency and low-power op-
eration, the cascode VGA and the VGA with R — r attenuation
are superior among the four types of VGAs presented here. For
a wide dynamic range, the cascode VGA and the modified pseu-
doexponential function VGA are preferred. We adopted a cas-
code VGA with active loads because it is expected to provide
the high-frequency operation and wide gain control range.

III. PROPOSED EXPONENTIAL FUNCTION GENERATOR

Fig. 2 depicts the block diagram of the exponential function
generator with compensation circuits. It consists of a voltage-to-
current converter (VIC), a linear current multiplier, and an ex-
ponential function generator. An external control voltage Vext
is converted to a control current Igxt by the VIC. The current
Igxr is then linearly multiplied and compensated by the linear
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Fig. 2. Block diagram of the proposed exponential current generator.
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multiplier. Finally, the compensated linear current [;,, is trans-
formed to an exponential current I.., using the exponential gen-
erator.

A. Exponential Function Generator

Fig. 3 shows the exponential function generator and the cross
section of a parasitic NPN transistor, which was used as Q1 and
Q2. Today, most of the CMOS foundries provide the deep n-well
technology. The deep n-well CMOS gives a chance to apply a
different substrate bias to nMOS residing in another p-well, as
well as excellent isolation against the substrate coupling noise
between digital logic circuits and analog circuits [26]. We could
obtain a high-performance NPN transistor whose current gain
is almost 20, better than that of a conventional parasitic PNP
transistor, 2 ~ 3. Thus, we used this parasitic NPN transistor.
The operation of exponential function generator is as follows.

The input control current I;,, generates a voltage drop of
AV = [}y X R; between the bases of parasitic NPN transistors
QI and Q2. Due to the exponential nature of Q1 and Q2,
the collector currents I; and Iy are Is - exp(Vpg.1/Vr) and
I -exp(— AV /Vr), respectively, where Is indicates the reverse
saturation current of Q1 and Q2, and Vpg 1 denotes the base
emitter voltage of Q1. As the current I; mirroring the constant
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current I, is also constant, the current /> has an exponential
characteristic as a function of AV. The MOSFET transistors
M2 and M4 perform the role of the current source mirroring the
same current I». The output exponential current I, obtained
through the current mirroring is then given by

_Iin : Rl>

Vr 2

Toxp = I exp (
Accordingly, the output voltage difference V.., between Vexp:
and Vexp2 has an exponential function, which is given by

—Iin-R
Vexp =Vexp1 — Vexp2 =2R2lexp, =2R2 11 exp (V—Tl> :
3)

B. Linear Current Multiplier

The linear current multiplier is realized using a current divider
consisting of a differential pair, as shown in Fig. 4. Equations
(2) and (3) include the thermal voltage V. This implies that the
current varies with the temperature. The current I3, should be
proportional to absolute temperature (PTAT) current to compen-
sate for the gain variation. /(") indicates a PTAT current from
the PTAT bias circuit [27]. The control current IgxT and the
constant current /o7 are independent of the temperature and
supply voltage. These features will be explained in Section III-C
regarding the VIC block. The gate-to-gate voltage of the differ-
ential pair (M3 and M4) is copied from the differential pair M1
and M2. Thus, the current dividing ratio for I;,/mI(T) tracks
Iext/ItoT, where the input current IgxT is a control signal
of the multiplier (0 < Igxt < ItoT) and m is the size ratio
of the mirroring CMOS devices. Thus, the output current I;, is
given by

Iin = mI(T) - Iext/Itor. “4)

This output current [;;, is fed to the exponential current gen-
erator. It is independent of the supply voltage variation and is
linearly dependent on the absolute temperature.

C. viC

Fig. 5 shows the schematic of the VIC. The constant volt-
ages Vinin and Vs can be generated from the bandgap refer-
ence circuit and its buffers; the external control voltage Vgxr
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can be varied from O to 1.8 V. In the figure, VVC indicates the
voltage-to-voltage converter and VC denotes the voltage copier
and its current generation. Vgx is converted to the control cur-
rent V1 /R3 by the VVC and VC. For symmetry, the compared
constant current V5/R3 is obtained. These currents are sub-
tracted; then the supply voltage and temperature-independent
current Igxt = (V1 — V3)/R3 is achieved. Additionally, an-
other constant current ITor is generated from the same circuit,
as shown in Fig. 4. Here, V1 is fixed at 1.24 V, and V5 is fixed
at 0.83 V. Finally, the current of Itor = (1.24 — 0.83)/R3
is obtained in place of Igxr. The normalized current portion
Iext/IToT i insensitive to temperature, process, and voltage
variations. Its relation sets the maximum and minimum values
of the control voltage.

From the above currents and Fig. 2, we can rewrite the current
I, in (4). If I(T) = VT/RBGR x In N, then

Vi-083V Vr
041V  Rpagr

Iext Vr

Iin—m

= InN=m
Itor Rpgr

In V.
5

The procedure of the control signal conversion is summa-
rized as follows. In Fig. 2, the external control voltage Vgxr
is a constant voltage independent of the temperature and supply
voltage; thus, the VIC block needs an absolute voltage circuit
to compare the absolute control voltage. The constant current
Itor and constant voltages Vior and V y,;, are obtained using the
bandgap reference voltage circuit and an operational transcon-
ductance amplifier (OTA) circuit. The currents Itor and IgxT
are constant currents at a fixed external voltage independent of
supply-voltage and temperature, as in Fig. 2, while the current
I(T) is linearly dependent on the temperature. The current [;,,
is linearly dependent on the temperature and independent of the
supply voltage. The temperature and supply-voltage compensa-
tion is achieved by making a proper [;,, in (5).

Finally, the exponential voltage V.., in (3) is expressed as

IEXT miInN - R1>
Rper '

V;exp = 2R211 €xXp <_ (6)

Itor

This voltage is a function of the resistance and constant voltage,
and the size ratio of mirroring the CMOS devices regardless
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Fig. 6. Simulated V-I characteristics: (a) with VDD variations and (b) with
temperature variations.

of the temperature and supply voltage. The exponential current
Ioxp also has the same function.

D. Simulation Results for the Exponential Function Generator

The feasibility of the proposed method was verified through
simulations using a 0.18-um CMOS process. For the CMOS
triple-well process, we adopted vertical NPN bipolar transistors,
as in Fig. 3, and a bandgap reference circuit.

Fig. 6(a) shows the simulated exponential current charac-
teristics of the proposed method versus an external gain con-
trol voltage at different supply voltages (VDD) of 1.7, 1.8, and
1.9 V. When the larger R; in (6) was used, a greater control
range was obtained. When R; = 10 k2, the exponential cur-
rent changed through two decades. This indicated that the con-
trol range was more than 40 dB. In other cases (R; = 5 and
15 k2), linear control ranges of 20 and 60 dB were obtained with
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a linearity error of less than £1.2 dB. Fig. 6(b) shows the simu-
lated exponential current characteristics versus an external gain
control voltage at —30 °C, 25 °C, and 80 °C. As with the dif-
fering resistances, the linear control ranges of 20, 40, and 60 dB
were obtained with a linearity error of less than 1.2 dB. Fig. 6
indicates that the proposed exponential function generator oper-
ates successfully with the temperature and supply-voltage com-
pensation circuits and accurately operates in a linear-in-decibel
fashion.

The simulated results confirm that the current generator can
obtain a wide control range (~40 dB) with a small linearity
error and the temperature and supply voltage compensation
techniques for gain variation are valid. In considering the
voltage scaling and simulated data, the voltage V.., within the
required voltage control range is expressed by

Vvoxp =a- eXP(_b : VEXT) (7)

where a = 2RoI;, b = kmR1/Rpgr X In N, and k is the
coefficient of the voltage scaling and normalized process.

In summary, a new CMOS exponential function generator
with compensation circuits has been developed. The exponen-
tial function is based on the relation between the emitter—base
voltage and the collector current of a vertical NPN transistor.
The inherent temperature dependence and supply-voltage vari-
ation are greatly reduced using compensation circuits. The ex-
ponential function generator is applied to the following CMOS
VGA circuit.

IV. DESIGN OF THE WIDEBAND CMOS VGA

As mentioned above, a VGA maintains a constant power level
in the output of an AGC loop so that the subsequent circuitry
has the better performance. The loop gain of the AGC remains
constant across the entire operating range. This condition en-
sures identical loop transient responses regardless of the input
signal level [13]. The VGA is a critical component of the AGC
loop. Thus, it is very important to design the VGA considering
specifications such as bandwidth, linearity, and so on. We will
describe a wideband CMOS VGA that adopts the proposed ex-
ponential function generator.

A. Architecture of the Proposed VGA Circuit

The architecture of the proposed CMOS VGA for wideband
systems is shown in Fig. 7. The VGA circuit features a control
voltage generator with the proposed exponential function gener-
ation and a main VGA circuit consisting of a dc offset canceller,
three-stage VGA cells, and a fixed gain amplifier [28]. The dif-
ferential signal V;,, is amplified by the VGA cells and then am-
plified again by the fixed gain amplifiers to meet the targeted
signal level at the output. The control voltage generator con-
verts the external control voltage Vex to the required internal
control signal V1. In order to remove the dc offset voltage, a
dc offset canceller is introduced between the output of the VGA
and the output of the first VGA cell.

B. VGA Circuit

Fig. 8 shows the schematic of the proposed VGA circuit. For
operation at high frequencies, a differential cascode topology is
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Fig. 8. Schematic of the proposed VGA circuit.

used to achieve a high gain and reduce the Miller effect. Conven-
tionally, a differential structure has several advantages: it sup-
presses even harmonics, rejects common mode noises, and dou-
bles the signal swing for a given supply voltage. Additionally, an
active inductive load is exploited for wideband and low-voltage
applications and can greatly improve the bandwidth [2], [28].
The VGA in Fig. 8 is constructed from a differential cascode
structure (M1 and M6, M2 and M7) with a constant tail current
I, . The input transistors (M1 and M6) are designed to operate
in a triode region or in a saturation region based on the internal
control voltage V.;;. When the input signal is small and V4, is
in a high state, the two input transistors remain in the saturation
region and a high gain is obtained. The distortion is relatively
low due to a small input signal. In contrast, when the input signal
is large and V4,1 is in a low state, the input transistors remain in
the triode region and a low gain with low distortion is obtained.
A variable gain can be achieved by controlling the gate voltage
of transistors M2 and M7, V... In other words, by changing the
voltage V.1, the transconductance (g,,1 or gme) of the cascode
topology can be varied. The transconductance (g,,1 Or gme) in
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the triode and saturation regions are given by (8) and (9), re-
spectively [28], as follows:

gm1 =B - Vas1 (®)
Im1 = V20 - Igs1 )

where 3 = pCoxWI/L, Vys is the drain—source voltage of M1,
and Ig44 is the drain current of M1.

A load network consists of active loads (M3, M8, Ry, C1),
bleeding current sources (M4, M9), and dc level sensing tran-
sistors (M5, M10) [28]. The dc level sensing transistors monitor
the dc level of the output signals (Vout+4, Vout— ); then acommon
mode feedback (CMFB) network (M11 ~ M14) compares this
dc level with a reference voltage (V) and sets the current
dc level to V,,, by automatically adjusting the bias currents
of the bleeding current sources (M4, M9). With this bleeding
technique, the current through the active load transistors (M3,
MS8) can be reduced. The output impedance is determined
dominantly by the active loads because the impedances of the
bleeding current sources and dc level sensing transistors are
relatively large compared to those of the active loads. Fig. 9
shows a small-signal equivalent circuit that estimates the output
impedance in Fig. 8. It is assumed that M3 and M8 are identical.
From the small-signal equivalent circuit, the output impedance
Zo at the operating frequency is given by

20 [1+ sRi(Ch + Cya + Cyo)]
B D(s)
D(s) =14 s[R1(C1 + Cga + Cys)
+7,(C1 + Cga — Crgm Ry + Cgagm R1)]
+ 8°1,R1 [AC1Cyq + (C1 + Cga)Cls] (10)

Zo

where g,,, is the transconductance, r, is the output resistance,
Cyq is the gate—drain capacitance, and Cy, is the gate—source
capacitance of M3 or M8.

From (10), Zo is expressed by 2r¢ in the low operating fre-
quency region. In the high-frequency region near the —3-dB
frequency of the gain, the output impedance can be approxi-
mated as (10). Gain boosting frequency is the zero point wyz =
1/R1(Ci + Cga + Cgs). It shows that this active load effec-
tively acts like an inductive load in the high-frequency region,
as shown in Fig. 10. The effective inductance L.g of the active
load equivalently forms a parallel resonance circuit associated
with parasitic capacitance C), at the output node. Thus, by ad-
justing the size of capacitor C1, it is possible to extend —3-dB
frequency to a somewhat higher region by boosting the gain at
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Fig. 10. Frequency response of the VGA using a gain boosting technique with
various C values (10 ~ 50 fF).

high frequency. By simulation, we decided the optimal capac-
itor value as 20 fF to increase frequency range. Compared to
the inductive active load in [28], this active load is simple and
do not need additional current path. The capacitance value of
C is also much smaller (20 versus 200 fF).

Finally, we can obtain the overall gain A, of the circuit given
by

Ay & —gm1 - Zo- (1D

The gain also has a peaking point around the zero frequency w
and the bandwidth of the circuit can be improved.

C. Control Voltage Generator

We described the method for the temperature-independent ex-
ponential function in Section II: we utilize this method to gen-
erate the internal control voltage. The control voltage generator
converts an external control voltage signal Vo to an internal
control voltage signal V.,1. This is consistent with the theory
illustrated in [25].

The exponential voltage from Section II is applied to the in-
puts of the scaled VGA cell that has gain Ay and is then am-
plified by the VGA cell, as shown in Fig. 7. A constant voltage
VRrEr1 is generated by an external current source and then sub-
tracted from the output of the VGA cell. Therefore, if the gain of
a VGA cell is Ay, the output of the VGA cell can be expressed
as

Vin,op = VexpAv —VrEF1 = aexp(—bVext)-Av —VREFI1.

(12)
The voltage of the VGA cell is amplified by an operational am-
plifier (OP-AMP); then the output voltage V.1 of the amplifier
is fed back into the control node of the VGA cell. In a steady
state, the input voltage Vi, op of the amplifier approaches 0 due
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to the negative feedback loop. Therefore, the VGA gain can be
expressed by

Ay (Vo) = Vrert - exp(bVexr)/a. (13)

Equation (13) shows that the gain of the VGA cell has an expo-
nential function for the external control voltage Vgxr.

D. DC Offset Canceller

In the proposed VGA, the cascaded gain cells may have a dc
voltage problem due to a device mismatch and oxide gradients.
The amplified offset voltage at the output of the entire VGA is
cancelled out by an offset canceller with a negative feedback
to the gain stage. The dc offset canceller shown in Fig. 7 is
inserted between the output of the VGA and the output of the
first VGA cell. The dc offset canceller is composed of an OTA,
alow-pass filter (LPF), and a voltage-to-current (V-I) converter,
which is included regardless of whether it is needed to cope
with the device mismatch due to process deviations or not. In
general, a large capacitance is used to keep the cutoff frequency
of the LPF low. In the design of the LPF, effort has been made
to maintain the capacitor value as low as possible so that the
capacitor area is small.

The operation of the dc offset canceller can be explained as
follows. The differential input signals, which contain the dc
offset between the positive and negative components, is ampli-
fied by the OTA. The LPF extracts the dc levels of the output
differential signals; the dc offset is then cancelled at the output
of the first VGA cell via a negative feedback loop.

E. Noise Analysis

The input referred noise of the VGA is dominated by the noise
of the first variable gain circuit shown in Fig. 7, and the noise
of the control stage and common mode feedback circuit is typi-
cally negligible. At relatively low frequencies, cascode devices
contribute negligible noise [29]. The noise components of the
variable gain circuit in Fig. 8 are illustrated in Fig. 11(a). In
Fig. 11(a), the thermal noise of the transistors is modeled by the
current sources connected between the drain and source termi-
nals with a spectral density of 12 = 4kT(2/3)g,,. To calculate
the thermal component of V2. | we first obtain the total output
noise with the input shorted together. Since the noise sources
in the circuit are uncorrelated, superposition of the noise power
quantities is possible. Furthermore, the source terminals of tran-
sistors M1 and M6 cannot be considered virtual ground, making
it difficult to use the half-circuit concept. Thus, the effect of
noise sources in each branch of the differential amplifier must
be derived individually. The contribution of I,,; is obtained by
reducing the circuitin Fig. 11(b). As shown in Fig. 11(c), we can
decompose [,,1 into two (correlated) current sources and calcu-
late their effect at the output. Thus,

Vaout|larr = Ini(ros//roa/ ] gmarozro1)/2

+1n1(ros/ [ro9//gmrrorros)/2. (14)

Note that the two voltages are added directly because
they both arise from I,; and are, therefore, correlated. If

ros//Toa//gmaroaror = ros//ros//gmiTorTos, the total
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Fig. 11. Calculation of the input-referred noise of the proposed VGA.

input thermal noise in Fig. 11(a) is obtained taking into account
the noise of M3, M4, M8, and M9 as follows:

2 4
39m1,6

Considering the effect of flick noise, the total input referred
noise voltage per unit bandwidth of the variable gain circuit, as
shown in Fig. 11(a), can be given as

20m3,8
39216

20ma,9

V2, =8kT 5
39m1.6

n,in

5)

— 2 29m3,8 | 29ma,9 2K N
VI 8T 84 ZIma9 )
o <3!]m1,6 39m16  39mie) Cox(WL)ief
N 2Kp 1 9313,8 1 93,14,9
Coxf \WL)ssgrie (WL)aogmis

(16)

where Ky and K p are process-dependent constants of the cor-
responding MOS transistors in the order of 1072°> V2 F [29)].
As shown in (16), at the maximum gain, ¢,,1,¢ is maximized in
order to minimize the total input-referred noise voltage given
in (16). As the gain decreases, gm1,6 reduces; thus, the total
input-referred noise voltage as given in (16) increases. Conse-
quently, the noise of the proposed VGA is a decreasing function
of the gain.

Initially, we designed our VGA circuit in consideration of
parasitic effects such as imperfect ground (substrate losses) and
parasitic capacitors along the main signal path. We confirmed
that initial simulation results were very similar to post simula-
tion results with parasitic capacitors and resistors automatically
generated by the Cadence Assura RCX tool.

V. SIMULATION AND MEASUREMENT RESULTS

The proposed VGA integrated chip (IC) was fabricated using
0.18-pm CMOS technology. Fig. 12 shows the chip photograph
of the implemented VGA IC. The active area occupies 0.85 mm
% 0.49 mm including bondpads. The VGA is tested with a VDD
supply of 1.8 V, and the dc current drawn with no applied input
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Fig. 12. Microphotograph of the fabricated VGA (core chip size: 0.59 mm X
0.33 mm, total size: 0.85 mm X 0.49 mm).
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Fig. 13. (a) Internal control voltage generation and (b) gain characters with
internal control voltage from [28].

signal is 11.4 mA. The VGA IC was measured with a vector net-
work analyzer (Agilent 8753ES), a signal source generator (Ag-
ilent E4433B), and a spectrum analyzer (HP 8564E). The input
and output of the VGA were connected with a signal source
and spectrum analyzer, respectively, through commercial balun
(balanced to unbalance or vice versa) devices to convert the
single-ended signal into the differential signals.

Fig. 13(a) shows the relationship between the external con-
trol voltage and the generated internal control voltage through
simulation using Cadence Spectre. This simulation shows the
slope is linear from approximately 0.72 to 1.52 V according to
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Fig. 14. Frequency response of the VGA under different control voltages; at
all gain levels, the —3-dB bandwidth is larger than 900 MHz.
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Fig. 15. Measured and stimulated gain characteristics with temperature varia-
tions at a test frequency of 100 MHz.

the external control voltage Vexr. The internal control voltage
Vetr1 18 applied to each VGA gain cell. Fig. 13(b) shows the mea-
sured gain (S21) characteristics at the frequency of 100 MHz as
a function of V,,1. The VGA has linear-in-decibel gain charac-
teristics when the input transistors (M1 and M2 in Fig. 8) are set
in the triode region V¢, = 0.7 ~ 1.3 V [28]. From Fig. 13, it
is possible to obtain a linear-in-decibel gain feature in the Vgxr
range of 0 ~ 1.8 V, which will be described in the following two
paragraphs.

Fig. 14 shows the frequency response of the proposed VGA
at different control voltages. The measured bandwidth of the
VGA is up to 900 MHz with a gain control range of 94.1 dB
(—38.8 ~ 553 dB). The large bandwidth was achieved
using gain boosting around the —3-dB frequency (around 600
~ 700 MHz). At the minimum gain of —38.8 dB, the —3-dB
bandwidth reached its minimum value of 750 MHz because the
input transistors deviated from the operating point in the triode
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TABLE I
PERFORMANCE SUMMARY OF THE PROPOSED VGA

Parameters Measurement Results
Technology 0.18 pm CMOS
Die area (including bondpads) 0.42 mm?
Supply voltage 1.8V
Current consumption 11.4 mA
-3 dB Bandwidth 900 MHz
Gain range 94.1dB
Gain error +3 dB

Linear-in-dB range
Input P1dB
Noise figure*

79.4 dB (+1.0 dB)
-59.1 dBm ~-10.8 dBm
6.8 dB

*Simulation data

region and the bias current was reduced in relation to the change
of the operating point. Moreover, we can see that the measured
gain shows an average gain with £1.5-dB gain flatness from 10
to 900 MHz at various control voltages. These results ensure
that the constant current bias scheme can successfully prevent
bandwidth variation according to the control bias, except in the
minimum gain state.

Fig. 15 shows the measured and simulated forward gain (S2;)
characteristics as a function of the control voltages at —30 °C,
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TABLE II
PERFORMANCE COMPARISON OF THE PROPOSED AND PREVIOUSLY REPORTED VGAs

Year [Ref] }"Srcnh] Freh%[ Ir_la;]ge ?’VD/?:]IX? Gain range Meth(;;zii ,‘(r)lf exp. I\[I(;)]las]e Ac[trir\l/r?1 ;i]rea InFEl(ﬁg Ir’nl ]dB
1995 [4] c&gs 0.01~85 10mW 30~0 (]ff)'/("lf_x) - - -
2000 [5] c&gs 1~20 3.3/7.0 34~0 a f}?)'/((’lf_x) 0.43 -

2000% [7] c?\fés ?(?;Ai; 1.5/16.5 20~-6 (liq)'/("lf_x) - - -
1998 [6] c&f)s 20~150 3.3/3.8 10 ~-5 a +E>?)7(()1f-x) 0.15 -

2000 23]  BiCMOS 50~500 3.0/12 43~35 Bicps"éa,,f*& @ CfMAX 10 -
002031 S 30-210 2511 55~ 35 Stz;gr:f}ji"d @ . (co(r’jfl.ze) 40~-8

2002 [24] c(l)\)12c5>s 380 25253 11~-70 r:’g‘;zggegg‘gf* @ éLIAX 2.02 -

2005 [18] c(l)\)llgs (é;‘j& lc(ﬁg) 1.8/3.6 36~-48  Using Eq. (1) - 04 48 ~-17

52’/‘:0[326% C(]J\‘/[lgs 4~900 1.8/11.4 55~-39 Is’f‘gr::;“:off;fﬁ @6('}?4:)( 0.42 -59 ~-11

*Simulation results
**Signal-summing VGA with control signal converter (CSC)
***Master—slave control circuits with MOSFETs in a subthreshold region

25 °C, and 80 °C when the test signal frequency is 100 MHz.
The measured gain characteristics are in good agreement with
the simulated ones. The difference between the gain curves is a
result of the errors of current mirroring and reference voltages.
The simulation results show that the gain deviations from the
gain characteristics at room temperature are within £3 dB over
a 96-dB gain range at various control voltages. In the case of
measurement, gain errors of 3 dB occurred within the 94.1-dB
gain control range. These results confirm the validity of the pro-
posed ideas for obtaining linear-in-decibel variable gain char-
acteristics with temperature compensation. However, the exact
linear range is limited to 79.4 dB, as shown in Fig. 16, because
the nonlinear range of the internal control voltage, Ve, = 1.3 ~
1.52 V in Fig. 13, is utilized in order to obtain a higher gain.
Additionally, the imperfect effects in the process of the con-
trol signal conversion, such as inaccurate current mirroring and
device modeling, particularly, the lateral NPN transistors, de-
graded the gain characteristics. In the gain range of 79.4 dB, the
linearity errors from the normalized linear curve and the gain
deviations from the gain at 25 °C were +1.0 and £1.8 dB, re-
spectively.

The measured input P1dB and measured/simulated noise
figures (NFs) of the proposed VGA are presented as a function
of the control voltage at a test frequency of 100 MHz in
Fig. 17. The input P1dB varies from —10.8 to —59.1 dBm.
It is maximized at the minimum gain state and, as the gain
increases, it decreases so that decreasing the allowable input
signal swing results in the reduction of P1dB, as shown in
Fig. 17. The minimum NF is +6.8 dB at a maximum gain of
+55.3 dB and the NF increases as the gain decreases. Through
simulations, the total spot output noise is 6.03e — 13 V2 /Hz at
100 MHz and the main noise sources are the input transistors
(M1 and M6) and load transistors (M3, M4, M8, and M9)
described in (16). The measured NF data were obtained in

the gain range of —5 ~ 40 dB due to the limitation of the
NF equipment.

The measurement results are summarized in Table I and a
comparison with previous studies is given in Table II. The pro-
posed VGA achieves the best performance in terms of high-fre-
quency performance with a high gain, wide decibel-linear gain
controllability with temperature compensation, and chip area.

VI. CONCLUSION

A wideband CMOS VGA with a temperature compensation
circuit has been presented. The proposed VGA utilizes an ex-
ponential function generator with PVT compensation circuits.
In addition, wideband operation with a high gain was achieved
using a cascode configuration and a gain boosting technique.
The current bleeding technique in the load network was also
used to improve the linearity. The VGA has a94.1 dB (—38.8 ~
55.3 dB) gain control range and, particularly, 79.4-dB linear-in-
decibel gain characteristics. Furthermore, the VGA operates up
to a —3-dB frequency of 900 MHz. It consumes a total current of
11.4 mA under a single power of 1.8 V and occupies an area of
0.85 x 0.49 mm?2. Temperature-compensated performance was
confirmed from 25 °C to 80 °C.
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