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Abstract AnIF variable gain amplifier (VGA) with a quadrature demodulator (QDEM) is fabricated in a 0.25-pm
CMOS technology. In order to avoid the temperature dependence of the gain control characteristic, a master-slave
control technique is adopted to the exponential voltage-to-current converters using MOS transistors biased in a
subthreshold exponential region. Moreover, the VGA uses both a square-law region amplifier and an exponential
region amplifier to obtain the wide gain control range. The experimental results show that the prototype chip
achieves an 80-dB linearly controlled gain range with 2.5 V supply voltage.
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1 Introduction

A variable gain amplifier (VGA) is an indispens-
able function block for radio communication sys-
tems, and a linear-in-dB variable-gain characteris-
tic is required for CDMA systems.

Prior to this work, a bipolar liner-in-dB VGA
and its temperature stabilizing technique with ad-
ditional temperature dependent current, were pro-
posed [1]. However, the stabilizing technique is
sensitive to the device parameters for temperature,
and the reported results show that the variable-gain
characteristic is still sensitive to the temperature.

In this paper, a temperature-stable, linear-in-dB
CMOS VGA with a master-slave control technique
is proposed. The master-slave control technique is
a kind of feedback technique, and has the advan-
tage of insensitivity to the temperature and device
parameters. The experimental results indicate that
the proposed technique is effective for a CMOS V-
GA.

2 Circuit Consideration

Figure 1 shows the block diagram of the test chip.
The IF VGA consists of 4 cascoded amplifier stages.
The first 2 stages consist of transistors which are
biased in the square-law region. The following 2
stages and a mixer input stage of the quadrature
demodulator (QDEM) contain subthreshold expo-
nential region transistors as variable transconduc-
tance (gm) elements. The required dynamic range
of the input stage is very wide, and the square-law
region has advantage of a wider liner range. How-
ever, the gain control range is small, because the
gm of a square-law region transistor is proportional
to the square root of the bias current.

On the other hand, the required dynamic range
of the latter 2 stages is smaller than that of the
input stage. This smaller dynamic range allows us
to use exponential region transistors, which have
a larger gain-control range, because g,, is propor-
tional to the bias current.

Figure 2 shows our strategy for design of a gain
control circuit, i.e. ,

1. To achieve a wide linear-in-dB control range,
an MOS transistor biased in a subthreshold ex-
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Figure 1: Block diagram of the test chip

ponential region (M1 in Fig. 2) is used for ex-
ponential voltage-to-current conversion in the
control and bias block shown in Fig. 1.

2. Temperature dependence of the gain-control
characteristic is compensated for by the volt-
age converter which converts the gain control
voltage (V) to the gate voltage of the transis-
tor M1.

3. To achieve a temperature-stable gain at Vg =
Vyes and stable gain-control ratio (AdB/AV¢)
simultaneously, a differential architecture is
adopted for the voltage converter, and the
common mode output voltage and differential
mode gain are independently controlled.

2.1 Gain control ratio stabilizing tech-
nique:

A master-slave control technique is applied to our
gain control circuit, as shown in Fig. 3. The mas-
ter circuit generates bias voltage Vx, which con-
trols the gain of the voltage converter in the slave
circuit. Both voltage converters in the master and
slave circuits have a common-mode feedback cir-
cuit, as shown in Fig. 4 but omitted in Fig. 3.
The output voltage of the master voltage con-
verter is exponentially converted to an output cur-
rent with the exponential region transistors M2 and
M3. The drain currents of the M2 and the M3 are

—AM(VrefQ - ‘/7‘6'{1))

Ip: = I'refexp( nVr
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Figure 2: Design strategy of the VGA circuit

Iref
A Vre ‘Vrc (
exp ( M ( nf‘ir fl))
Ips = I.fexp (AM(VNZ%/T' Vrefl)) , (2

where I,y is the common-mode reference current,
shown in Fig. 4, A)s is the differential voltage gain
of the master voltage converter, and V;.f1 and V.52
are reference input voltages.
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Figure 3: Gain control circuit with master-slave
control

Ips is input to the pMOS current mirror circuit
and is multiplied by m?. The output current of
the pMOS current mirror circuit is compared and
made equal to Ip3 by a feedback loop. The output
voltage Vx is generated and used as a gain control
voltage of the voltage converter. The feedback loop

sets the gain Aps at

exp (AM (VT‘Z?/T_ V”efl)) =m 3)

nVrp
Ay = ————In(m). 4
M V;'ef2 - I/refl ( ) ( )

Vref Control Voltage
Ve [V]
Ve o t- Leont
e
Vref]c -+ —O—‘ M1 Iref
Vour ‘
CM cont. : 0 [, M4

VGSO

Figure 4: Common-mode feedback for stabilizing
gain at Vo=V, ¢

The slave voltage converter is controlled by V.
Therefore, the gain is the same as the gain of the
master converter. Consequently, The output cur-
rent of the slave circuit is

A — VYre
Lot = Iref exP( M(VZVTV fl))
Ve - ‘/;'efl
= I..rex ———~ _In(m
d p(‘/ref2_vref1 ( ))
In(m
ln(Icont) = ln(Iref) + ( ) (VC - ‘/refl)‘

V:ref2 - Vrefl

The coefficient In(m)/(Vyef2 — Vies1) depends on
the gate width ratio of the current mirror circuit
and the reference voltages. If the reference voltage
is temperature insensitive, the coefficient is insen-
sitive to the temperature. It means that the gain
control ratio, AdB/AVg, is insensitive to the tem-
perature when the amplifier gain is proportional to
the bias current.
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Figure 5 is the voltage converter for the mas-
M5 and M6 are biased in
the triode region, and the transconductances of M5
and M6 depend on the voltage between drain and
source. This voltage converter has the advantage

ter and slave circuits.

of a wide liner input range with variable gain [3, 4].
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Figure 5: Schematic of the voltage converter used
in the master-slave control circuit

2.2 Gain stabilizing technique:

Figure 6 shows a gain stabilizing technique which
is applied to our VGA. To focus the principle, the
schematic is simplified and a fixed-gain amplifier
is indicated. This technique is applicable both to
an amplifier using exponential transistors and to
an amplifier using square-law transistors. When
the transistors M7 and M8 are in an exponential
region, the bias circuit operates as a Vp reference
circuit. The drain current of M8 is

nVrink
Ing = —L 1% 5
D8 R.S' ) ( )

where n is coefficient depending on the transistor
fabrication, and k is the gate width ratio of M7 to
MS8. In this case, k = 4. The drain current of M10
is the same as that of M8. The transconductance
of M10 is

o = dIpyy _ Ipi _ In4 (6)
™07 WVesio nVr Rs’

and the voltage gain of the amplifier, G, is

In4
G = gmwoRL = 'E“RL (7)

The gain G depends on the resistance ratio, and G
is independent of temperature.
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Figure 6: Bias circuit and amplifier for which gain
is insensitive to temperature

A similar result is obtained in the case that M7
and M8 operate in a square-law region. Since the
drain currents of M7 and M8 are the same,

%% 4w
—L—(VGS7 - Vrg)’ = —L—(VGss - Veu)®,  (8)

where Vrp is the threshold voltage. Equation (8)
can be simplified as follows:

Vasr = 2Vgss — Vru- (9)
The drain current of M8 is derived:
Vaesr — Vgss  Vass — Vrr

Ipg = = . 10
os = O - (10)

The drain current of M10 is the same as that of
M8, and the transconductance of M10 is

dIpio
dVasio

gm10

Vesi0=Vass

_ d - (Vasio — Vru)?
dVasio (Vess — Vru)?
2

= (11)

Consequently, the voltage gain of the amplifier, G,
is
2R,

G = gm1oR = ——. 12
gm1041iL Rs ()
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The gain, G, depends on the resistance ratio, and
G is independent of temperature [2].

This temperature stabilizing technique is adopt-
ed in our VGA. The reference current is used in
generating common-mode reference voltage of the
voltage converter as shown in Fig. 4, and the gain
at Vo = V.51 of our VGA is insensitive to the tem-
perature. '

2.3 Schematic of the amplifiers:

Figure 7 is the schematic of the IF amplifier. It
consists of a variable gm input amplifier and a tran-
simpedance output buffer. When the input transis-
tors, M11 and M12, are in exponential region, gm
is proportional to the bias current, I.,n;. When
the input transistors are in square-low region, gm
is proportional to the square root of the I.on:. In
both cases, log(gm) is proportional to log(Ieont)-
The transimpedance output buffer has low input
and output impedances, which make the frequen-
cy response of the IF amplifier wide and flat. The
transresistance of this buffer is approximately the
same as the feedback resistance, Rp. Consequent-
ly, the amplifier gain is gmRp, which is the same
as that of the amplifier shown in Fig. 6.
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2ry a

Ry
K W 4
M11 Mi2

IF input
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Figure 7: Schematic of the IF VGA unit amplifier

2.4 Schematic of the mixer:

Figure 8 is the schematic of the mixer block. Sim-
ilar to the VGA circuit, the input transistors, M13
and M14, are in exponential region in order to con-
trol the gain. In Fig. 8, the local inputs are 4-phase
non-overlapping waveforms. The output buffer cir-
cuits utlize a fully balanced circuit [5].
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Figure 8: Schematic of the mixer

3 Experimental Results

Figure 9 is the die micrograph of our test chip. The
active area occupies 0.7 mm x 0.7 mm.

- Figure 10 shows the measured gain control char-
acteristic at temperatures of —33°C, 26°C, and
83°C. As expected, a temperature stable gain and
stable gain control ratio are obtained. The gain
and the gain control ratio at V,=1.5 V are 28.7+1.1
dB and 48.5+0.8 dB/V respectively. An 80-dB lin-
early controlled gain range within +3 dB error is
achieved at 26°C. Figure 11 is a frequency response
of the VGA. The dc-decoupling capacitors between
each stage limit the lower frequency, and the fre-
quency divider used as a phase shifter in QDEM
limits the upper frequency. Other measured result-
8 are summarized in Table 1.

Figure 9: Die micrograph
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4 Conclusions

An IF VGA with a master-slave temperature-
stabilizing technique is proposed and temperature
stability is confirmed from —33°C to 83°C with a
test chip. An 80-dB linearly controlled gain range is
achieved with exponential voltage-to-current con-
verters using MOS transistors biased in a sub-
threshold exponential region. This VGA is suitable
for a highly integrated CMOS radio receiver.

Gain [dB]
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Table 1: Performance summary [5]
Power Supply Voltage 25V
Current Consumption 11 mA

Input frequency range 30 ~ 210 MHz and/or Modified Single-Ended Opamps,” IE-
Gain range —35 ~ 55 dB ICE Tran. , vol. E82-A, No. 2, pp. 256-270,
NFDSB at Gmax 7.6 dB Feb. 1999.

Input P1dB at Gpyax  —40 dBm
Input P1dB at Guyin —~8 dBm

IIP3 at Guyax ~28 dBm
HP3 at Guin 7 dBm
18 Q Phase error < 2°

1&Q Gain miss match < 1.0 dB
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