
Vol. 33, No. 7 Journal of Semiconductors July 2012

A 2-mW 50-dB DR wideband hybrid AGC for a GNSS receiver in 65 nm CMOS�

Xu Yang(续阳)�, Chi Baoyong(池保勇), Xu Yang(徐阳), Qi Nan(祁楠),
and Wang Zhihua(王志华)

Institute of Microelectronics, Tsinghua University, Beijing 100084, China

Abstract: A low-power wideband hybrid automatic gain control (AGC) loop for a GNSS receiver is presented.
Single AGC in the I/Q path is composed of four-stage programmable gain amplifiers (PGAs), a differential peak
detector, two comparators, a control algorithm logic, a decoder and the reference voltage source. Besides being
controlled by an AGC loop, the gain of PGAs could alternatively be controlled by an off-chip digital baseband
processor through the SPI interface. To obtain low power consumption and noise, an improved source degenerated
amplifier is adopted, and the I/Q path phase mismatch within the ˙5ı range is calibrated with 0.2ı accuracy.
Implemented in 65 nm CMOS, the measured PGA total gains range from 9.8 to 59.5 dB with an average step of
0.95 dB and simulated bandwidth of more than 110 MHz. The settling time is about 180 �s with 80% AM input
with measured signal power from –76.7 to –56.6 dBm from a radio-frequency amplifier (RFA) input port, and also
reduces to 90 �s with clock frequency doubling. The single AGC consumes almost 0.8 mA current from the 2.5-V
supply and occupies an area of 750 � 300 �m2.
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1. Introduction

Nowadays, the global navigation satellite system (GNSS)
has been developed rapidly for civil use. Currently, the
GNSS contains the global positioning system (GPS), Galileo,
GLONASS and Compass. With the increasing demands for
low cost, low power and high accuracy, highly integrated re-
ceivers with multi bands and modes such as dual-bandŒ1; 2�,
dual-modeŒ3� and even tri-modeŒ4� have been reported.

Due to the complicated application environment, the re-
ceived signal power at the antenna varies with a large range.
Taking GPS as an example, the minimum input power is about
–130 dBm for L1-band and –133 dBm for L2-band, respec-
tively, and typically there is a great deal of interference (GSM
at 825MHz, DCS1800/AWS at 1710MHz andWiFi/Bluetooth
at 2.4 GHz co-existing around GPS bandsŒ5�/, which will de-
grade the total noise figure (NF) and gain of the whole re-
ceiver. To correctly demodulate the received signal with dif-
ferent strengths, the total gain of the receiver should be ad-
justed automatically according to the input signal strength. So
an AGC loop with a large gain range and low NF is essential
in a GNSS receiver.

Figure 1 shows the whole block diagram of the proposed
dual-channel reconfigurable receiver which supports all GNSS
modesŒ6� and incorporates the AGC loop in both in-phase (I)
and quadrature (Q) paths. To lower the dynamic range require-
ment for the analog-to-digital converter (ADC), the AGC loop
automatically adjusts the total gain to keep the input signal am-
plitude of the ADC approximately constant.

According to the flexible frequency plan in Ref. [6], the re-
ceiver could switch between low intermediate frequency (LIF)

and zero-IF architecture in different modes. When GPS L2 W-
band (IF 0 MHz, BW 18 MHz) & GLONASS L2 W-band (IF
18.4MHz, BW18MHz)mode operates simultaneously in dual
channels, the highest analog baseband signal with 18.4MHz IF
and 18MHz bandwidth after down-conversion arises. To make
the bandwidth of the whole analog baseband only up to the IF
filter, the total PGAs should have low attenuation at the highest
signal frequency, which requires wide bandwidth. In addition,
because I and Q signals pass through separate paths, it is diffi-
cult to keep I and Q baseband signals having perfect balance in
magnitude and phase, causing SNR degradation to the digital
baseband, which makes I/Q calibration and a small gain step
extremely necessary in PGAs.

This paper presents a low-power AGC loop containing
four-stage PGAs with wide bandwidth, 50 dB gain range and
1 dB step, a wideband differential peak detector and algorithm
logic. The I/Q phase calibration is also achieved in the last
stage. The algorithm logic generates gain control codes accord-
ing to the output signal amplitude. The whole circuits are im-
plemented in a 65 nm CMOS process, and all transistors are
adopted by 2.5-V thick gate transistors for better linearity and
the avoidance of gate-leakage issues.

2. Architecture description

The block diagram of the single AGC loop is shown in
Fig. 2, which adopts hybrid architecture combining the ana-
log differential peak detector and threshold comparators with
digital algorithm logic to generate gain control codes, which
are then decoded to control the total gain of the PGAs. The
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Fig. 1. The dual-channel multi-mode GNSS receiver incorporating I/Q AGC loops.

Fig. 2. Block diagram of the single AGC loop.

PGAs contain four stages and DC blockers are inserted to re-
move DC offset from preceding stages. In addition, the gain
control codes could alternatively come from the off-chip digi-
tal baseband processor through the SPI interface.

Compared with the analog AGC circuitŒ7� which adopts
variable gain amplifiers (VGAs) to amplifier signals and sets
total gains with an analog open-loop gain-control algorithm,
the proposed architecture consumes less power and makes it
easier to maintain the stability of the AGC loop.

When the signals are filtered by the complex band-
pass/lowpass filter and enter into the PGAs, the amplified out-
put signals are caught and held at the maximum amplitude by
the differential peak detector. The held peak voltage is then
compared to two threshold reference voltages. And then the
AGC algorithm logic generates gain control codes according
to digital outputs of the threshold comparators. The decoder
translates 6-bit gain control codes to 16-bit gain control words
to control the corresponding switches in the PGAs.

Due to the possible out-band strong interference and to
keep the AGC loop stable, the AGC loop has hysteresis change
configuration implemented by setting a programmable high or
low threshold voltage for the comparators. The gap between
the high VH and low VL threshold voltage is 2.5 dB and 6 dB

Table 1. The distributed gain range and step of each PGA.
Stage Gain range (dB) Step (dB)
PGA1 0–12 6
PGA2 2–18 4
PGA3 8–16 1
PGA4 0–16 8

optionally with a constant upper threshold. Once the peak am-
plitude steps into the range between the lower and upper thresh-
old, the logic will hold the gain control codes.

Taking the non-ideal effects of MOS switches into consid-
eration, to attain a high gain range from 10 to 60 dB with 1 dB
step, several dB gain margins should be set aside, and Table 1
shows the distributed gain range and step of each PGA stage.

To obtain low power consumption, the previous three
stages adopt a source degenerated amplifier. The resistor-
feedback amplifier with I/Q phase calibration is implemented
in the last stage to balance the signal phase mismatch between
the I and Q paths. Only the third stage has a gain step of 1 dB
and other stages more than 1 dB, which will shorten the re-
sponse time when adjusting gains, and the total switch num-
bers will be reduced, thus lowering the effects of the PGA
switches on performances. The gain of the first stage (PGA1)
is relatively high to suppress noise contributed by the follow-
ing stages. The gain range and step of each stage are combined
to achieve the whole gains from 10 to 62 dB with 1 dB step.
Assuming that the allowable gain attenuation is less than 1 dB
at the highest signal frequency, each PGA should have a band-
width of more than 110 MHz according to the single-pole re-
sponse analysis.

The differential peak detector should catch the maximum
amplitude of the amplified signals at the highest signal fre-
quency with little error. According to the maximum signal fre-
quency and to make enough margins, the peak detector should
operate at more than 30 MHz normally. Considering the re-
sponse time of the peak detector and the fast-settling time of
the AGC loop, the clock period of the AGC algorithm logic
is set to 10.5 �s with 1/21 duty cycle, which is generated by
a clock generator (illustrated in Fig. 1) with a default output
frequency of 24.6 MHz through divide-by-12 and then divide-
by-21 counters successively. Besides being controlled by AGC
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Fig. 3. The improved source degenerated amplifier. (a) Main ampli-
fier with CMFB. (b) Load resistors RL array. (c) Source degenerated
capacitor Cs array.

loop, the PGA gains are controlled by the off-chip digital base-
band processor through the SPI interface, while the peak de-
tector, comparators and algorithm logic are shut down to save
power.

3. Circuit implementation

The main circuits in a single AGC loop contain four-stage
PGAs, the differential peak detector and the AGC algorithm
logic.

3.1. Programmable gain amplifier (PGA)

Considering low power consumption and the high output
1 dB compression point, both source-degenerated and resistor-
feedback amplifier topologies are adopted to achieve 10 to
60 dB gains with 1 dB step. The simulated total NF and out-
put 1 dB compression point at 4 MHz and maximum gain are
31.9 dB and 17.0 dBm, respectively, which satisfy the require-
ments for the GNSS receiver.

3.1.1. Improved source degenerated amplifier

Based on the gm-boosted source degenerated differential
amplifier with resistive loadsŒ8�, an improved source degen-
erated amplifier is proposed to save power consumption, as
shown in Fig. 3, which consumes about 130 �A in total.

The source degenerated capacitors (shown in Fig. 3(c)) are
inserted to introduce an additional zero to extend the bandwidth
without extra power consumption, as expressed in Eq. (1). The
source degenerated resistor RS is fixed at a relatively small
value to produce less noise and achieve a larger gm to suppress
other noise in the amplifier.

To eliminate the body effect of the input transistor, the in-
put pairs choose PMOS with source and bulk connected. Tran-
sistors M1–M2 (shown in Fig. 3(a)) form a local negative feed-
back loop which reduces the equivalent source resistance of
M1, value given by 1/gm2gm1ro1 approximately, where gm1 and

Fig. 4. The simulated amplitude response of the second stage (PGA2)
with and without Cs.

gm2 are the transconductances of M1 and M2, respectively.
During the design, M3 has the same parameters as M2.

Considering the finite output resistor ro of the transistors,
from the small-signal equivalent circuit analysis, the gain of
the overall amplifier is expressed approximately by

AV �
RL�

Rsjj
1

sCs

�
C

1

gm2gm1ro1

�
RL

RS
.1 C sRsCs/; (1)

where 1/gm2gm1ro1 � RS and the load resistor RL arrays are
controlled by switches to attain gain range and steps as listed
in Table 1.

The simulated amplitude response of the second stage of
PGAs with and without Cs is shown in Fig. 4. The –3 dB band-
width is obviously extended to more than 110 MHz with pro-
grammable Cs arrays without extra power consumption.

3.1.2. Resistor feedback amplifier with I/Q phase calibra-
tion

To achieve a high output 1 dB compression point, the last
stage adopts resistor feedback amplifier architecture, as shown
in Fig. 5, which consumes about 280 �A. To eliminate the
phase mismatch between the I and Q paths, the I/Q phase cali-
brationŒ9� is also implemented in this stage without extra power
consumption.

The operational amplifier utilizes two-stage Miller com-
pensated OTA and the Miller capacitors CC are programmable
to maintain the stability of the closed-loop and save power in
different gains. The feedback resistors Rf (dashed in Fig. 5)
are configured by switches to achieve the proposed gain range
and step as listed in Table 1. The cross-coupling resistor RC
arrays are programmable and connected from I (Q) input to Q
(I) virtual ground node for phase calibration.

Different from the method in Ref. [9], the phases of the I
and Q paths are shifted in the opposite direction synchronously.
When the switches SP1 are ON and SP0 OFF, the total phase
shift between I and Q path is negative, while SP1 are OFF and
SP0 ON, the total phase shift is positive.

We now analyze the condition when SP1 are ON and SP0
are OFF. Let VIip D cos(!t ) and VQip D sin(!t), then the sim-
plified output voltage of the I and Q paths could be written as
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Fig. 5. The resistor feedback amplifier with I/Q phase calibration.

Fig. 6. Phase shift range at different frequencies.

VIop D

q
G2
I C G2

C cos.!t � �/; tan� D GI=GC; (2)

VQop D

q
G2
I C G2

C sin.!t C �/; (3)

where GI D Rf=Rin, GC D Rf=RC, GI � GC, then tan� D

Rin=RC. From Eqs. (2) and (3), the total phase shift�� D –2�.
Using the same method as above, the output voltage of the

I and Q paths when SP1 are OFF and SP0 are ON could be
written again as

V 0
Iop D

q
G2
I C G2

C cos.!t C �/; (4)

V 0
Qop D

q
G2
I C G2

C sin.!t � �/: (5)

From Eqs. (4) and (5), the total phase shift �� D C2�.

Fig. 7. The differential peak detector.

Fig. 8. Signals operating at different frequencies. (a) 4 MHz. (b) 32
MHz. (c) 12 MHz.

For 0.2ı phase shifting, Rin=RC D tan(0.1ı/, so RC D

573Rin. The simulated phase shift range at different frequen-
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Fig. 9. Block and flowchart of the AGC algorithm logic.

Fig. 10. Timing and signal waveforms of the AGC.

cies is depicted in Fig. 6, which could be configured by the
off-chip digital baseband processor through the SPI interface.
The total phase shift range is within ˙5ı with 0.2ı accuracy,
and the shifting phases only have small differences between
different frequencies with good linearity.

3.2. Differential peak detector

Considering that random noise extremely interferes with
the positive and negative output, it is unreasonable to catch and
hold the maximum amplitude only through the single-end out-
put, thus a differential peak detectorŒ10� is adopted, as shown
in Fig. 7, which consumes about 25 �A.

Unidirectional current mirrors (dashed in Fig. 7) are oper-
ated as the ideal diode. When the input amplitude Vi is smaller
than the peak Vp, the transconductance stage charges the hold
capacitor Cp until Vi is nearly equal to Vp, while the current
mirrors are shut down to prevent charging Cp. The switch Rst
shunting withCp is reset periodically to the ground VSS to dis-
chargeCp. Figure 8 shows the simulated signals of the peak de-
tector operating at frequencies of 4MHz, 12MHz and 32MHz.
The peak detector could quickly catch and hold the maximum
amplitude even though the input signal is stepped, as shown in
Fig. 8(c), and the gaps between Vi and Vp are less than ˙9 mV,
which are small enough for the threshold comparators.

Table 2. Operations according to input codes.
Amplitude Code Operation
Vp < VL 00 C1

VL < Vp < VH 01 0
Vp > VH 11 –1

3.3. AGC algorithm logic

AGC algorithm logic ensures the maximum output signal
of PGAs within the range between VL and VH. If the held volt-
age of differential peak detector Vp is lower than VL, the AGC
algorithm logic will adjust its output data to increase the PGAs
gain to further amplify the signal. And in the opposite situa-
tion, if Vp is higher than VH, the gain of PGAs will be reduced.
Compare the held output voltage of the differential peak de-
tector with two default threshold voltages VH and VL, thus a
2-bit thermometer code is acquired. In this design, an effective
linear-adjusting method is adopted to implement the AGC al-
gorithmwith a few logic units, which means that the gain of the
PGAs is reduced or enhanced by only one step in an adjusting
period. In addition, the process will not stop until the signal
amplitude is suitable. Table 2 gives the operations according
to the output digital codes of the threshold comparators.

To relax the complexity, basic digital logic cells are uti-
lized to implement the AGC algorithm, as shown in Fig. 9, and
Figure 10 illustrates the timing of the control signals and the
output waveforms of the PGAs and peak detector. The con-
trol source selection (CSS) determines the digital input codes
of the algorithm logic whether up to the I or Q path according
to a 2-bit control code. Assume that the CSS code is equal to
20b00, which means that the digital input of the AGC algorithm
logic depends on the I path. When DFFs are reset initially, the
PGAs are provided with the minimum gain of about 10 dB, and
meanwhile, the output amplitude of the PGAs is very small af-
ter being amplified. Then, captured by the following differen-
tial peak detector, the held voltage is compared with threshold
voltage VH and VL, respectively, to obtain a 2-bit code, which
is 20b00 in this case. Therefore, the output of ADD1 will plus 1
and ADD2 remains constant, then the output data will increase
by one at the rising edge of the input clock CLK and the gain
of the PGAs will increase by one step of approximately 1 dB.
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Fig. 11. Die micro photograph.
Fig. 12. The measured total gains and step of PGAs.

Fig. 13. PGA output signals with AM RF input with AGC at (a) 3.995 MHz and (b) 21.561 MHz.

Then the signal amplitude is enhanced and caught by the peak
detector in the next period. This process will continue until the
maximum output signal voltage of the PGAs is higher than VL
for the first time. In the case that the input signal suddenly steps
into a higher amplitude, the adjusting process will be opposite
and finish until the maximum output signal voltage of PGAs is
little lower than VH.

Adopting the complement number form, the addends of
two ADDs for adjusting are configured between –5 and C5 by
an off-chip digital baseband processor through the SPI inter-
face.

4. Measurement results

The presented AGC has been implemented in 65 nm
CMOS, and Figure 11 gives the die micro photograph includ-
ing both the I and Q paths. A single path occupies an area of
0.23 mm2. The whole current from a 2.5-V supply is almost
0.8 mA.

A test tone is fed into an RF terminal, and observed at the
PGA output. By configuring the local oscillator (LO) and IF
complex bandpass filter to operate in GPS L1N-band (IF 4.092
MHz, BW 2.2 MHz) mode to make analog baseband signal at
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Table 3. Performance summary and comparison.

Index This work ASSCC’10Œ2� JSSC’06Œ7�

Process 65 nm CMOS 0.18 �m CMOS 0.18 �m CMOS
Architecture Hybrid Analog & Hybrid Analog
Frequency (MHz)� 27.4 15 16.6
Bandwidth (MHz) 110� — 18
Gain range (dB) 50 55 40
Output (Vpp/ 0.96–1.28 0.15–0.25 0.5
Settling time (�s) 90–180 900� —
Power (mA) 0.8 @ 2.5 V 2 @ 1.8 V 5.8 @ 1.8 V
Area (mm2/ 0.23 — 0.56

� The maximum frequency of signals after being attenuated by IF filter.
� The simulated frequency response of total PGAs, couldn’t be measured due to preceding IF filter.
� Input single-tone signal from –110 to –55 dBm.

Fig. 14. PGA output signals with programmable reference frequency
of (a) 24.6 MHz, (b) 32.7 MHz, and (c) 49.1 MHz.

4.645 MHz from RFA input, the total gains of the PGAs are
measured and plotted in Fig. 12. The total gains range from 9.8

to 59.5 dB and the step varies between 0.8 dB and 1.1 dB with
an average of 0.95 dB. Then, configuring the LO and IF filter
to operate in GPS L2W-band & GLONASS L2W-band mode,
the bandwidth of the IF filter also satisfies the performance
requirements, and the measured baseband amplitude response
of several wideband modes has been shown in Ref. [6]. Since
there are no independent test ports for IF blocks, the NF and
bandwidth of the PGA cannot be directly measured; however,
the whole NF of the GNSS receiver is about 2.2 dB in Ref. [6].

Configure the LO and IF filter to operate in GPS L1
N-band & Compass B1 N-band (IF –10.23 MHz, BW 4.2
MHz) mode and the clock generator with output frequency of
24.6 MHz, and make analog baseband signal at 3.995 MHz
with –61.9 dBm and 400 Hz 80% AM RF input signal from
RFA with measured signal power from –76.7 to –56.6 dBm.
Then configure in GPS L2 W-band & GLONASS L2 W-band
mode, and make the analog baseband signal at 21.561 MHz
with the same method above. Turn the AGC on, and capture
the PGAs output signals by using the oscilloscope, as shown
in Fig. 13 and the settling time is about 180 �s.

Then configure the clock generator with an output fre-
quency of 32.7 MHz and 49.1 MHz, respectively, and then
capture the PGAs’ output signals, as shown in Fig. 14. The
settling time reduces linearly from 180 to 90 �s with the clock
frequency doubling.

The performance of the presented AGC and compari-
son with other results are summarized in Table 3. This work
achieves low power consumption, a short settling time and high
output voltage owing to the adoption of hybrid AGC architec-
ture and improved amplifiers.

5. Conclusion

A low-power wideband hybrid AGC loop for a GNSS re-
ceiver is implemented in 65 nm CMOS. The PGAs achieve
50 dB gain range from 9.8 to 59.5 dB with an average step of
0.95 dB and its frequency response has little attenuation at the
maximum frequency of IF filter. The I/Q phase mismatch is
calibrated within the ˙5ı range and 0.2ı accuracy in the last
PGA stage. The settling time is about 180 �s with 80% AM
input from the RFA with measured signal power from –76.7
to –56.6 dBm, while it will reduce to 90 �s with the clock fre-
quency of AGC algorithm logic doubling. A single AGC occu-
pies an area of 0.23 mm2 and consumes almost 0.8 mA current
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from a 2.5 V supply.
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