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A low power automatic gain control loop for a receiver�
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Abstract: This paper proposes a new structure to lower the power consumption of a variable gain amplifier (VGA)
and keep the linearity of the VGA unchanged. The structure is used in a high rate amplitude-shift keying (ASK) based
IF-stage. It includes an automatic gain control (AGC) loop and ASK demodulator. The AGC mainly consists of six-
stage VGAs. The IF-stage is realized in 0.18 �m CMOS technology. The measurement results show that the power
consumption of the whole system is very low. The system consumes 730 �A while operating at 1.8 V. The minimum
ASK signal the system could detect is 0.7 mV (peak to peak amplitude).
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1. Introduction

A body area network (BAN) is a potential technology
which can monitor health status in real time and build a per-
sonal information systemŒ1�. A typical BAN consists of vital
sensors, personal audio/video devices, communication devices
and amain body station. The vital signs and audio/video signals
can be transferred by wired and wireless communication net-
works among the devices and the body station. Then the body
station can transmit (receive) signal data to (from) a home base
station.

The vital body parameter collection system is a typical ap-
plication of the body area network. It usually consists of sen-
sors, simulators, wireless transceivers and the body station. The
wireless transceivers can provide the communication systems
with low and high data rates. They are suitable for simple vi-
tal sensor networks, such as temperature, heart rate and pHŒ2�,
and image sensor systems, such as capsule endoscopyŒ3� and
vision neurosimulatorsŒ4�. Because the sensors and simulators
with RF transceivers are put inside or on the surface of body,
they are usually powered by a small-size battery. The power
consumption of the wireless transceiver should be ultra low,
although the RF transceiver in capsule endoscopy must trans-
fer a lot of images at a high rateŒ3�.

In order to reduce the power consumption of the
transceiver, some progress has been were reported. A simple
ASK modulating and demodulating technique was adopted in
the transceiver to reduce the power consumptionŒ5�. The VCO
direct modulation technique was adopted to increase data rate
and reduce power consumptionŒ6; 7�. In the transceivers, the
power consumption of the RF-front end circuit was greatly re-
duced Œ8; 9�, but in the IF-stage circuit there is a lot room for im-
provement in power consumptionŒ10; 11�. The power consump-
tion of the automatic gain control (AGC) loop circuit occupies
the main part of the consumption in the IF-stage circuit. The
design of a low power AGC loop is an important challenge.

This paper proposes a low power AGC loop for a high rate
ASK receiver IF-stage. The AGC loop is followed by an ASK
demodulator. In AGC, a new structure is proposed to reduce
the power consumption. The AGC loop can provide a high dy-
namic range for the IF-stage and improve the sensitivity.

2. AGC architecture

Figure 1 shows the architecture of the AGC loop with an
ASK demodulator. The AGC loop consists of six-stage vari-
able gain amplifiers (VGAs), a high pass filter (HPF), a peak
detector (PD) and an error amplifier (EA). The six-stage VGAs
can amplify or attenuate the input signal and maintain the sig-
nal at a fixed level. The HPF plays a role in eliminating low
frequency noise and DC offset. The feedback circuit consists
of a PD and EA. The PD can detect the output signal of the
six-stage VGAs and calculate its level. The EA is a differential
operational amplifier and amplifies the differential signal be-
tween the output Vd of PD and the reference level Vref.Then it
outputs an inverting control signal Vctrl and adjusts the gain of
the VGA chain.

In a typical radio frequency (RF) receiver, the RF small in-
put signal should be amplified around 85 dB and then is sent
into the digital baseband processorŒ12�. This gain of 25 dB is
usually realized by a combination of LNA and mixer. There-
fore, the AGC circuit must provide a maximum gain of 60 dB.
The RF signal level depends on the wireless communication

Fig. 1. ASK receiver block diagram.
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Fig. 2. Schematic of (a) one stage VGA and (b) improved VGA.

channel and varies by several decades. The AGC loop is used
to compensate for this variation. Initially, the input signal is
very small. After the input signal is amplified by the six-stage
VGAs, the PD circuit detects the output signal of the six-stage
VGAs and calculates its level Vd. Then the EA compares the
level Vd and the level Vref. It outputs a signal Vctrl which con-
trols the gain of the six-stage VGAs. The relation curve be-
tween Vd and Vctrl is fixed. One Vd value corresponds to one
Vctrl value. The adjustment process is finished when Vctrl is sta-
bilized. The settling process is a trade off between speed and
accuracy. Speed is determined by the slew rate of the EA with
capacitor C: Accuracy is determined by the fluctuation of Vctrl
after the loop filter. The loop filter mainly consists of capacitor
C . Here, we make a balance between them. Simulation results
show that the fluctuation of Vctrl is very small while the set-
tling process is relatively quick. In the AGC loop, when the
input signal level is different, the final stabilized output signal
level of the six-stage VGAs is slightly different. This small dif-
ference makes Vd different which directly controls the value of
Vctrl: Vctrl changes the gain of the six-stage VGAs. Finally, the
AGC loop outputs a constant-amplitude signal which could be
stably demodulated by the ASK demodulator.

This paper designs a low power AGC loop circuit based
on the above architecture, which is applied in a VCO-direct-
modulation ASK receiver with a higher rate than 4 Mbps. We
set the bandwidth of AGC to a value which fairly covers the
system requirement. In the IF-stage, the carrier frequency is set
to 6 MHz, and the bandwidth is set to 11 MHz due to the fol-
lowing reasons: (1) the ASK signal needs 8 MHz bandwidth
to cover 4 Mbps data rate; (2) in the VCO direct modulation
receiver the carrier frequency usually deviates from the target
frequencyŒ7�. Therefore the cut off frequencies of the HPF and
AGC are designed to be 250 kHz and 11 MHz, respectively.
In the AGC loop a proposed VGA circuit is used to reduce
the power consumption while keeping the linearity almost un-
changed. The details are given below.

3. Circuit design and operation
3.1. AGC loop

The AGC loop circuit in Fig. 1 consists of six-stage VGAs,
a high pass filter (HPF), a PD and an error amplifier (EA). To
eliminate low frequency noise and DC offset, an HPF is in-

Fig. 3. Schematic of the peak detector.

serted between two three-stage VGAs. Without the HPF, DC
offset will cause distortion in the following VGA stages while
too many HPFs will occupy too much chip area. After calcu-
lation and simulation, the output DC offset of the three-stage
VGAs is less than 200 mV which can be recovered after one
HPF to a normal operating voltage level. Considering that the
frequency response of the six-stage VGAs is a low pass char-
acteristic, after inserting one HPF, the AGC shows a band pass
characteristic. Such a method to eliminate DC offset shows a
constant high pass cut off frequencywhichwill not changewith
the gain of the six-stage VGAs. However, other techniques
such as the continuous-time feedback techniqueŒ13� will change
the high pass cut off frequency with the gain of the VGAwhich
apparently cannot provide a constant bandwidthŒ14�.

One stage of the differential VGA circuit is shown in Fig. 2.
M3 and M4 form the linear transconductance pair. R1 and R2

act as the load to provide high gain. The common-mode feed-
back circuit consists of R1, R2, M7–M10. In order to reduce
the power consumption, a new structure in Fig. 2(b) is pro-
posed to improve the linearity of the VGAŒ15�. Working with
M16 andM14,M17 andM15 operate in the triode region. After
carefully selecting the sizes ofM17 andM15, the third order in-
termodulation of M17, M15 and M3, M4 can be cancelled out.
This improves the linearity of the VGA. Due to the fact that
there is a trade off between linearity and power consumption,
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Fig. 4. Schematic of the ASK demodulator.

utilizing such a technique could reduce the power consump-
tion while at the same time keeping the linearity unchanged. A
simulation shows that if the power consumption is unchanged,
adopting such a structure can improve IM3 by 6 dB. If the IM3
is unchanged, the power consumption can be reduced by 30%
according to Eq. (1)Œ16�. This paper reduces the power dissipa-
tion by adopting such a technique, while keeping the linearity
unchanged.

�IM3 D 20 lg
�

Ia

Ib

�2

; (1)

where Ia and Ib are the current consumption of Figs. 2(a) and
2(b), and Ib is 30% smaller than Ia.

The gain of the VGA shown in Figs. 2(a) and 2(b) can be
expressed as:

Av D GsRd
gm

gm C Gs
; (2)

where gm, Rd and Gs represent the transconductance of the in-
put transistors M1 and M2, the load resistance of R1 and R2

and the conductance of source degeneration transistors M12
and M13 respectively.

Gs D
1

2
�nCox

W

L
.Vgs � Vth/: (3)

If gm � Gs, gm=.gm C Gs/ � 1, Av can be rewritten as

Av D
1

2
�nCox

�
W

L

�
13

.Vgs13 � Vth/Rd: (4)

Therefore, the gain of the VGA can be linearly controlled
by the gate voltage of Vgs13.

Figure 3 gives the schematic of the PD. VinC and Vin� are
differential signal outputs from the last stage VGA which de-
termine charging (discharging) of the capacitor Cd depending
on the comparison with Vout. If charging,M1 andM2 are turned
on to charge capacitorCd. If discharging,M1 andM2 are turned
off, and Id discharges capacitor Cd. Current Id plays a role in
refreshing Vout. Otherwise, Vout will remain unchanged even

though the input signal is changed. Choosing the value of cur-
rent Id depends on the data rate and linearity requirement. A
high data rate needs a comparatively large current to maintain
a high refreshing rate. However, a large current will compro-
mise the linearity of the VGA because the fluctuation of Vout
will increase with the current increment and the fluctuation will
transfer to Vctrl through the EA. In this design, we use the min-
imum current to satisfy the requirement of the data rate, which
not only lowers the power consumption but also improves lin-
earity.

3.2. ASK demodulator

Figure 4 is the schematic of the ASK demodulator. The
schematic utilizes a double differential structure, which im-
proves the sensitivity and responding speed of the ASK de-
modulator. The differential pairs consist of M1, M2, and M1a,
M2a. VinC and Vin� connect to the gate of M1, M1a and M2,
M2a separately. The working principle of the ASK demodula-
tor is described as follows: When VinC is low and Vin� is high,
the current generated at the source of M1 and M2a is I1 and
I2a. The current generated at the drain of M9 is I1 – I2a after
subtraction operation. At the other side, with the same princi-
ple, the current generated at the drain ofM10 is I2 – I1a, but the
value is below zerowhich is actually equal to zero in the circuit.
Finally, the current from M9 and M10 is summarized to M11
and mirrored toM12. If the current at the drain of M12 is larger
(smaller) than the current at the drain of M15, it charges (dis-
charges) the capacitor Cp. In this circuit, we control the thresh-
old of the demodulator through digitally programming the gate
state of M16–M18 by C[0], C[1], C[2] which determines the
current value of Io. When Io is large, the current at the drain
of M15 is large, and the electron cannot be accumulated at the
capacitor Cp which makes the inverter not flipped. So, large Io
makes the threshold of the demodulator highŒ10�.

4. Experimental results

The whole IF receiver system was fabricated in 0.18 �m
CMOS technology. It is shown in Fig. 5, and occupies an area
of about 1 � 1 mm2.
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Fig. 5. Micrograph of the IF-stage of the ASK receiver.

Fig. 6. Gain of the six-stage VGA with changing Vctrl.

Figure 6 shows that the dB gain of the six-stage VGAs
changes logarithmically with Vctrl, which demonstrates good
similarity with Eq. (4). Figure 7 shows the AC response of the
six-stage VGAs when Vctrl is 1.8 V. Due to the HPF, the AC
response shows a band pass characteristic. The maximum and
minimum gain is 60 dB and –20 dB. The high pass and low
pass cut off frequencies are 250 kHz and 11 MHz which match
the post simulation results well. Measurement shows that the
high pass and low pass cut off frequencies change little when
the gain changes. Deducing from the –20 dB/Decade roll off
speed, DC offset suppression is about 50 dB when Vctrl is 1.8 V.
Figure 8 shows the AGC settlement process. When the 4 Mbps
input ASK signal amplitude is reduced by 6 dB, the settlement
time is less than 10�s.When the 4MbpsASK signal amplitude
is amplified by 6 dB, the settlement time is less than 20 �s. In
the whole settling process, the ASK signal can be demodulated
correctly. The whole AGC consumes 690 �A. Table 1 shows
the test results of the AGC and makes some comparisons with
other papers.

Fig. 7. Frequency response of the six-stage VGA.

Fig. 8. Circuit response to changing the input ASK amplitude level.

Table 1. Comparison of AGC performance.

Parameter TadjpourŒ17� ZhengŒ18� OkjuneŒ19� This work
Technology
(�m)

0.5 0.35 0.18 0.18

Power (mA) 10 2.1 5.8 0.69
Gain range
(dB)

0–70 0–60 –8 to 32 –20 to 60

Bandwidth
(MHz)

20 2.9 18 11

OIP3 (dBm) 20 16 — 15

The whole ASK-based IF receiver could demodulate min-
imally a 0.7 mV (peak to peak amplitude) ASK signal. The
whole IF-stage consumes merely 730 �A. Table 2 gives some
comparisons between this work and other papers including the
AGC and ASK demodulator.

5. Conclusion

This paper proposes a new structure to lower the power
consumption of a VGA and keep the linearity of the VGA un-
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Table 2. Brief comparison of state-of-art IF receivers.

Parameter HarjaniŒ10� WangŒ11� This work
Technology (�m) 0.5 0.18 0.18
Supply voltage (V) 3.3 1.8 1.8
Power (�A) 910 1200 730
Maximum gain (dB) 40 50 60
Data rate (Mbps) 1 2 4

changed. The IF-stage includes an AGC loop and ASK demod-
ulator, embedded in a whole transceiver in 0.18 �m CMOS
technology. The gain range of the IF-stage is –20 to 60 dB.
The maximal data rate is 4 Mbps. The minimum ASK signal
the system could detect is 0.7 mV (peak to peak amplitude).
Such a low power system could be widely used in a BAN, sat-
isfying its requirement for power and data rate.
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