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A low power flexible PGA for software defined radio systems�
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Abstract: This paper proposes a new low power structure to improve the trade-off between the bandwidth and
the power consumption of a programmable gain amplifier (PGA). The PGA consists of three-stage amplifiers,
which includes a variable gain amplifier and DC offset cancellation circuits. The cutoff frequency of the DC offset
cancellation circuits can be changed from 4 to 80 kHz. The chip was fabricated in 0.13 �m CMOS technology.
Measurement results showed that the gain of the PGA can be programmed from –5 to 60 dB. At the gain setting
of 60 dB, the bandwidth can be tuned from 1 to 10 MHz, while the power consumption can be programmed from
850 �A to 3.2 mA at a supply voltage of 1.2 V. Its in-band OIP3 result is at 14 dBm.
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1. Introduction

The requirements of next-generationwireless terminals are
driving RFIC design toward ubiquitous multistandard connec-
tivity at low power consumption and costŒ1; 2�. The software
defined radio (SDR) technique may be the right answer to this
application demand. It can cover various wireless standards,
including WLAN, TD-SCDMA, WCDMA, and CDMA2000,
as shown in Table 1. The transceiver for SDRwireless commu-
nications must support a broad range of specifications, such as
gain range, bandwidth, linearity, selectivity, and low power.

To reach the ultimate goal, the first step is to choose ap-
propriate transceiver architecture. Among the many architec-
tures available, zero-IF architecture is the most attractive one
for SDR due to its simplicity and suitability for monolithic inte-
grationŒ3�. Though zero-IF architecture possesses many prefer-
able characteristics, it still has a DC offset problemŒ4�. A small
DC offset can be amplified by using a first stage amplifier to
a level that saturates the following stage amplifiers and conse-
quently prohibits the amplification of the desired signal. Thus,
a programmable gain amplifier (PGA) must provide an effec-
tive solution to cancel the DC offset. Furthermore, the power
consumption is another figure of merit, because in a battery-
powered transceiver, extending the battery life as long as pos-
sible is one of the most important challenges. Some attempts
to reduce the power consumption have been reportedŒ2; 5�, but
there is still a lot room for improvement. Reference [2] uti-
lizes a flexible amplifier array to reduce power, while its total
dynamic gain range is limited. Reference [5] proposes a low-
power constant bandwidth variable gain amplifier, but it needs
extra buffer circuit to protect its low input resistance when in-
serted into the receiver chain.

This paper presents a low power, high dynamic range flex-
ible PGA for software defined radio front-ends. A bandwidth
boosting technique is proposed to improve the trade-off be-
tween bandwidth and power consumption. The PGA consists

of three-stage amplifiers. Each amplifier includes mainly vari-
able gain amplifier (VGA) and DC offset cancellation circuits.
Its gain and bandwidth can be controlled by a digital signal.

2. PGA architecture

Figure 1 shows the architecture of a flexible PGA, which
consists of three-stage amplifiers. Each amplifier mainly con-
sists of VGA andDC offset cancellation circuits. In PGA archi-
tecture, we apply some techniques to realize a low power flexi-
ble PGA for software defined radio front-ends. Firstly, the first
stage and the second stage amplifier can be bypassed and shut
down according to the requirements. Secondly, the bandwidth
of the PGA can be programmed by a digital signal from one

Fig. 1. Three-stage PGA and schematic of each amplifier.
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Table 1. Specifications of multistandard.
Standard Bandwidth (MHz) Sensitivity (dBm) Modulation Date rate (Mbit/s)
802.11b 22 –76 QPSK 11
TD SCDMA 1.6 –108 QPSK > 2

WCDMA 3.84 –117 QPSK > 2

CDMA2000 1.25 –104 QPSK > 2

Fig. 2. Schematic of the VGA.

megahertz to more than ten megahertz. Thirdly a novel VGA
circuit is proposed to improve the trade-off between the band-
width and the power consumption of the PGA by using an ad-
ditional smart operational transconductance amplifier (OTA),
as shown in Fig. 2. More detail may be found in Section 3.

Furthermore, the gain requirement of an SDR should be
satisfied. WCDMA represents the worst case scenario for our
SDR. With a full scale (FS) ADC input power of 2 dBm, and
a DR of 50 dB, the quantization noise (QN) level would be
–48 dBm. The minimum RX gain required at the WCDMA
sensitivity level (Smin/ is given by Gmax D QN C Mqn C

SNRmin�Smin. For QN to be negligible with respect to the RX
thermal noise, 10 dB margin (Mqn ) is takenŒ6�. The sensitivity
level Smin is –117 dBm and the minimum signal to noise ratio
(SNRmin/ is 10 dB. The minimum RX gain is 89 dB. Apart
from the gain achieved by the front end of RX, the baseband
needs to provide a gain of more than 60 dB.

In the PGA, the DC offset cancellation is realized by
continuous-time feedback (CTF) technique. The CTF tech-
nique adopts a low pass filter (LPF) to feedback the DC offset
voltage and the low frequency signal and to subtract them from
the input signal. Because there is a considerable amount of sig-
nal energy near DC in wireless communication systems based
on modulation schemes (PSK, ASK), the effective high pass
cut-off frequency should be about 0.1% of data rate to avoid
significant degradationŒ7�. Thus, we need to adjust the cut-off
frequency of the LPF according to the data rate of each stan-
dard and the switching time specification from Tx to Rx. LPFs
provide a wide range of cut-off frequencies which not only sat-
isfy multistandards, but also ensure that the receiving signal
settles down quickly through switching the cut-off frequency
from high to low. According to the 802.11b standard, signal
should settle down in less than 10 �s and the cut-off frequency
should be set to 10 kHzŒ7�.

Fig. 3. The simplified schematic of the FOA.

3. Circuit analysis and design

3.1. VGA

VGA mainly consists of OTA, flexible op-amp (FOA), re-
sistor Ra, resist array Rb-array and capacity array Cc-array, as
shown in Fig. 2. FOA includes some parallel switchable op-
amps (SOAs) in a binary scaled array (Fig. 3). Different com-
munication standards need different bandwidth requirements.
The bandwidth of a VGA can be programmed by control-
ling the number of switch-on/off SOAs. At the same time, the
power consumption can be optimized. The gain of the VGA de-
pends on the ratio of a resistor array Rb-array to resistor Ra. The
SOA is shown is Fig. 4, which consists of a two-stage ampli-
fier, a standard Miller compensated capacitor, and a common
mode feedback circuit. SOA is switched on/off through a single
bit. TwoMiller capacitors arraysCc-array are connected at nodes
Cc1A, Cc1B, Cc2A and Cc2B, and two resistor arrays Rb-array are
connected at the input nodes and output nodes of the FOA, as
shown in Fig. 5.

The FOA is the basic active component of a VGA. It pro-
vides a reconfigurable gain-bandwidth product (GBW). The
power consumption depends on the bandwidth of the VGA.
The number Non of SOAs that are switched on in an FOA is
determined by a digital control word bit<n:0> and is given by

Non D

nX
kD0

Bit hki � 2k : (1)

Therefore, the FOA unity gain frequency can be calculated
as follows:
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Fig. 4. Circuit structure of the SOA.

Fig. 5. Capacitor array Cc�array and resistor array Rb�array.

!u D
gm1

Cc
Non; (2)

where gm1 is the transconductance of the transistors M1 in the
input differential pair of SOA and Cc is the dynamic Miller
capacitance value set by capacitors arrays Cc-array. Rc and Cc
create a right half zero which could cancel the non-dominant
pole in an SOAŒ8�.

The transfer function of an SOA can be expressed as

A D

Av1Av2

�
1 � sCC

�
1

gm6;9
� RC

��
.1 C sro1Av2CC/

�
1 C s

CL

gm6;9

� ; (3)

Av1 D gm1.ro1==ro3/; (4)

Av2 D gm6.ro6==ro7/; (5)

where gm1 and gm6 are the transconductance of the transistors
M1, M6, and ro1, ro3, ro6, ro7 are the output resistances of M1,
M3, M6, M7. Here, the effect of LPF that follows the output of
the VGA can be neglected here. In the numerator of Eq. (3), if
we choose the proper value of resistor ofRc, the numerator can
bemade equal toAv1Av2. When the operation frequency is low,
the pole created by the Miller capacitor dominates. Equation
(3) could be reduced to:

A Š
Av1Av2

1 C sro1Av2CC
: (6)

Zin seen in Fig. 2 can be expressed asŒ8�:

Zin D Rb=A C Ra; (7)

Zin D
Rb

Av1Av2

�
1 C

Av1Av2Ra

Rb
C sro1Av2CC

�
: (8)

Zo is the active load seen from the output node in Fig. 6.
It can be expressed as

Zo D Cpn==Zin: (9)

The above expressions show that the active load Zin effec-
tively acts like an inductive load in the high frequency region.
The effective inductance (Leff/ of the active load Zin forms
a parallel resonance circuit associated with capacitor (Cpn/ at
the output node of OTA. Because in Eq. (8) the value of Cc
could be dynamically changed in Cc-array, there is also an ar-
ray of capacitor Cpn corresponding to the capacitor Cc. It is
possible to extend –3 dB frequency point to a higher region
by adjusting the size of capacitor Cpn and boosting the gain
at high frequency. The simulation result shows that the maxi-
mum bandwidth of the single stage amplifier is boosted to 16
MHz from the original 6 MHz, as shown in Fig. 7. Thus the ad-
ditional smart OTA technique improves effectively the trade-
off between bandwidth and power consumption of the VGA.
When the bandwidth (power consumption) of the amplifier is
fixed, the technique can reduce/increase the power consump-
tion/bandwidth of the amplifier.
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Fig. 6. Circuit structure of OTA and its output impedance.

Fig. 7. Effect of bandwidth boosting technique.

3.2. DC offset cancellation circuit

The CTF technique is used to cancel DC offset in the PGA
circuit, as shown in Fig. 1. LPF can feedback the DC compo-
nent in the output voltage of theVGA to its input terminals. The
component is subtracted by the circuit from the input signal so
that the DC offset voltage can be reduced or canceled. Figure
8 shows the LPF circuit. Resistors are implemented by sub-
threshold transistors (MOS-resistors). Cascaded sub-threshold

Fig. 8. Structure of the high pass filter and the low pass filter.

Fig. 9. Frequency responses of the DC offset canceller.

Fig. 10. Microphotography of chip.

transistorsŒ9� minimize distortion at low frequencies. Consid-
ering that sub-threshold resistance changes with technology
and temperature variations, redundant capacitors and MOS-
resistors are implemented in LPF. The cut-off frequency of the
CTF technique can be programmed widely. It not only satis-
fies multistandards, but also ensures that the receiving signal
settles down quickly through switching the cut-off frequency
from high to low. The simulated frequency responses of the
DC offset cancellation circuit are illustrated in Fig. 9. It shows
that the effective cut-off frequency can be programmed from 4
to 80 kHz by changing the value of capacitance. It provides a
roll off rate about 60 dB per decade to reduce DC offset.
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Table 2. Comparison of PGA performance.
Parameter Ref. [10] Ref. [5] Ref. [2] This work
Technology (�m) 0.35 0.18 0.13 0.13
Voltage (V) 3 1.8 1.2 1.2
Power (mA) 13 1.35 0.3–11.2 0.85–3.2
Gain range (dB) –8 to 80 –10 to 20 0 to 39 –5 to 60
Bandwidth (MHz) 112 30 0.18–200 1–10
OIP3 (dBm) 11.5 29 NA 14

Fig. 11. Frequency responses of the PGA.

Fig. 12. Output signal of the PGA with 6 dB step change.

4. Experimental results

The flexible PGA is implemented in 0.13�mCMOS tech-
nology. Its chip microphotography is shown in Fig. 10. The
chip area is about 1 mm2. Figure 11 shows the gain and the
bandwidth of the three-stage PGA. The gain could be digitally
programmed from –5 to 60 dB in a 2 dB step minimally. Fig-
ure 12 shows the output signal of PGA changes with time in 6
dB step, and the switching time is less than 100 ns. The PGA
also provides a bandwidth tuning range between 1 and 10MHz,
while the corresponding current consumption ranges frommin-
imally 850�A tomaximally 3.2mA (Fig. 13). Figure 14 shows
the in-band OIP3 result for a two-tone signal (at 6 and 7 MHz).
This corresponds to 14 dBm in-band OIP3. Table 2 shows the
test results of the PGA andmakes some comparisons with other
papers.

Fig. 13. Programmable bandwidth of the PGA.

Fig. 14. Measured in-band OIP3 result.

5. Conclusion

We presented an efficient solution to design programmable
gain amplifier circuits, in which we mainly utilize a new band-
width boost technique to reduce the power consumption. The
PGA chip with an area of 1 mm2 implemented in a 130-nm
standard CMOS process demonstrated our proposal. Both its
gain and bandwidth could be programmed. Moreover, the de-
sign has built-in DC-offset correction based on using sub-
threshold transistors as a resistor.

References
[1] Giannini V, Nuzzo P, Soens C, et al. A 2 mm2 0.1-to-5 GHz SDR

receiver in 45 nm digital CMOS. IEEE ISSCC, 2009, 1: 408
[2] Giannini V, Craninckx J, D’Amico S, et al. Flexible baseband

analog circuits for software-defined radio front-ends. IEEE J

055006-5



J. Semicond. 2012, 33(5) Li Guofeng et al.
Solid-State Circuits, 2007, 42(7): 1501

[3] Mashhour A, Domino W, Beamish N. On the direct conversion
receiver—a tutorial. Microwave J, 2001, 44(6): 114

[4] Razavi B. RF microelectronics. New Jersey: Prentice Hall, 1998
[5] Tsou S C. A low-power CMOS linear-in-decibel variable gain

amplifier with programmable bandwidth and stable group delay.
IEEE Trans Circuits Syst II, 2006, 53(12): 1436

[6] Giannini V, Craninckx J. Baseband analog circuits for software
defined radio. Netherlands: Springer, 2008

[7] Razavi B. Design considerations for direct-conversion receivers.
IEEE Trans Circuits Syst II, 1997, 44(6): 428

[8] Razavi B. Design of analog CMOS integrated circuits. Princeton:
McGraw Hill, 2000

[9] Elmala M, Carlton B, Bishop R, et al. A 1.4 V, 13.5 mW, 10/100
MHz 6th order elliptic filter/VGA with DC-offset correction in
90 nm CMOS. IEEE RFIC, 2005: 189

[10] Wu C P, Tuao H W. A 110 MHz 84 dB CMOS programmable
gain amplifier with RSSI. IEEE RFIC, 2003: 639

055006-6


