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A 1–5 GHz noise-cancelling variable gain amplifier is presented in
0.18 mm CMOS technology that achieves a low noise figure (NF)
below 4.8 dB over an 11 dB gain range. Its NF is as low as 3.2 dB
for the gain range of 5.5 to 11 dB, while its input return loss is
better than 13 dB over the entire gain range of 25 to 11 dB. The
measured input-referred two-tone third-order intercept point (IIP3) at
2.4 GHz is better than 0 and 24.5 dBm at minimum and maximum
gain, respectively. The circuit occupies an area of only 0.067 mm2

and consumes less than 19 mW of power from a 1.8 V supply.

Introduction: Variable gain amplifiers (VGAs) are very useful com-
ponents in RF frontends because they serve as general-purpose gain
blocks that can be used to precisely adjust the overall gain of a trans-
ceiver which may result from manufacturing tolerances in the other com-
ponents in the system. A significant number of VGAs function on the
principle of using a fixed gain amplifier followed by a variable attenuator
to control the gain. That approach causes the VGA to have a high noise
figure (NF) even in the high gain states, which makes them unattractive
for use in receiver frontends. In this Letter, we demonstrate a new wide-
band VGA that addresses the NF problem over a wide gain range.

Conventional wideband amplifiers such as the common-gate (CG)
amplifier or the common-source (CS) shunt-feedback amplifier often
have difficulties in achieving a low NF (�3 dB) while maintaining a
good impedance match, or suffer from limited gain and stability.
Distributed and travelling wave amplifiers [1, 2] can provide a low
NF, good impedance match, and flat gain over a wide range of frequen-
cies, but typically consume a large chip area and power.

More recently, inductive degeneration and multi-section inductor-
capacitor (LC) networks have been reported [3] for wideband impedance
matching and low NF. However, the use of several inductors on-chip
consumes a large area and increases cost. Noise cancelling [4, 5] on
the other hand is an effective approach for achieving a low NF and an
impedance match simultaneously without the need for large inductors
or feedback. Nevertheless, limited gain control has been reported if at
all, and common variable gain techniques such as current steering, vari-
able feedback and variable bias often suffer from deteriorated NF and
input matching.

In this Letter, a 1–5 GHz noise-cancelling, gm-boosted amplifier is
presented using 0.18 mm CMOS, with variable gain control introduced
in its signal combination and noise cancellation circuit. Such an
approach can provide a low NF (,4.8 dB) over an 11 dB gain range,
and with a very good input match (,213 dB). The VGA is suitable
for low-cost, low-power wireless communications, including 3–5 GHz
(low-band) ultra-wideband (UWB) digital radios, and 20–60 GHz milli-
metre-wave radios operating with an intermediate frequency (IF) in the
1–5 GHz range.
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Fig. 1 Circuit schematic of VGA (biasing not shown)

Circuit architecture and design: A circuit schematic of the proposed
VGA is shown in Fig. 1. It consists of a common-gate amplifier (M1)
that provides a wideband input impedance match without using bulky
inductor-capacitor (LC) networks. An inverting common-source
amplifier M3 is introduced between the gate and source of M1 to
boost its effective transconductance Gm from gm1 to (1 − A)gm1 ≃
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(1 + gm3RD3)gm1. This improves the input match, reduces NF and
increases the gain [6]. The often severe trade-off between the impedance
match and NF is now relaxed.

To reduce further the NF over a wide bandwidth, the output noise of
the matching device (M1) is cancelled using another common-source
amplifier M2 and a common-drain, common-source combiner M4-M5

as shown in Fig. 1. The noise current of M1 (Idn) flows out of the
drain but into the source creating two correlated noise voltages with
opposite polarities, VD ≃ −RD1Idn/(1 + GmRS) and VS ≃ RSIdn/

(1 + GmRS), respectively, where RS is the signal source impedance
(50 V). However, the signal voltages at these nodes are in phase.
Thus with the inverting amplifier M2 and the difference combiner M4-
M5, the noise contribution of M1 is cancelled while the signal is
added. Cancellation can be achieved if, to the first order,
gm5gm2RSRD2 ≃ gm4RD1. Furthermore, the width and transconductance
of the common-source device M2 are made sufficiently large for rela-
tively small noise contribution.

The gain of the amplifier is varied by controlling the combiner’s bias
current and transconductance using the gate control voltage VC of the
common-drain device M4. The higher the value of VC, the higher the
bias current and the signal gain. The range of VC is from 0.49 V
(≃VT) to 1.85 V (≃VDD). As the gm-boosted common-gate stage (M1,
M3) is largely unaffected by changing VC or the combiner bias
current, the input match can remain relatively stable as the gain is
varied. Furthermore, if the transconductance of M4 and M5 (gm4 and
gm5) vary in a similar fashion with VC, the degree of noise cancellation
and the NF can remain largely unchanged.

Experimental results: The VGA was fabricated in a standard (six-metal,
single-poly) 0.18 mm CMOS process. It occupies a die area of about
515 × 525 mm2 including bonding pads and on-chip decoupling capaci-
tors, while the core VGA circuit area is only 250 × 270 mm2. The in-
tegrated circuit (IC) consumes less than 10 mW of power from a
1.8 V supply at minimum gain and less than 19 mW at maximum gain.

A direct on-wafer measurement of the IC was carried out using co-
planar RF probes. Fig. 2 shows the forward transmission |S21| coeffi-
cient of the amplifier for different control voltages (0.49–1.85 V).
The gain ranges from 11 to 25 dB at the centre frequency of
2.4 GHz, with less than 3 dB deviation over the 1 to 5 GHz bandwidth.
Fig. 2 also shows the measured input reflection coefficient |S11| of the
VGA, indicating an input return loss of more than 14.5 dB at 2.4 GHz
or more than 13 dB over the full 1–5 GHz bandwidth for all gain levels.
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Fig. 2 Measured input reflection |S11| and forward transmission |S21| coeffi-
cients for different control voltages
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Fig. 3 NF against gain performance at 2.4GHz

The NF against gain performance of the VGA at 2.4 GHz is plotted in
Fig. 3. It shows less than 4.8 dB NF from 0 to 11 dB gain and less than
4 dB NF for 3 to 11 dB gain. It also depicts a low NF of about 3.2 dB for
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the high gain range from 5.5 to 11 dB. The amplifier’s input-referred
two-tone third-order intercept point (IIP3) was measured at 2.4 GHz
and is higher than 0 and 24.5 dBm at minimum and maximum gain,
respectively. Fig. 4 is a plot of the NF over the 1–5 GHz bandwidth
for different gain settings (i.e. |S21| at 2.4 GHz), indicating an average
NF from about 3.6 to 7.7 dB with better than +0.85 dB flatness.
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Fig. 4 Measured NF for different gain settings (|S21| at 2.4 GHz)

Table 1 summarises the proposed VGA’s performance compared with
other gigahertz-range VGAs that have been reported recently [1, 2, 6, 7].
It achieves a lower NF of 3.2 dB (minimum) and has comparative or
better input match and IIP3. The VGA’s chip area is also significantly
smaller than most, and the design in [7] is developed in a more expens-
ive technology (90nm CMOS) with a smaller feature size. Note that in
[1, 2, 6] the NF is reported only at maximum gain, while in [7] the
NF deteriorates further to 30 dB.

Table 1: Summary of VGA performance in comparison with other
works

Area
(mm2)

DC
power
(mW)

Max.
|S21|
(dB)

Min.
NF (dB)

|S11|
(dB)

IIP3
(dBm)

Bandwidth
(GHz)

Gain
range (dB)

[1] 1.43 6.4 12 6 .7 210 1.6–12.1 218 to 12

[2] 1.16 9 8.6 4.2 16 1.8 0.03–7 210 to 8

[6] 0.17 9.3 13 4.1 17 213 1.0–8.5 8 to 13

[7] 0.01 2.5
50

(AV) 17 N/A
213

(P1dB) 0.01–2.2 210 to 50

This 0.067 10–19 11 3.2 .13 0 1.0–5.0 25 to 11
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Conclusion: A 1–5 GHz general purpose VGA has been developed in
0.18 mm CMOS with a NF as low as 3.2 dB for the gain range of 5.5 to
11 dB. The NF remains below 4.8 dB over the gain range from 0 to
11 dB. A good input match below 213 dB is also achieved over the
entire gain control range of 25 to 11 dB. The measured IIP3 at
2.4 GHz is better than 0 and 24.5 dBm at minimum and maximum
gain, respectively. The IC occupies an area of only 0.067 mm2 and con-
sumes less than 19 mW from 1.8 V.
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