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Abstract: An output amplitude configurable wideband automatic gain control (AGC) with high gain step accuracy
for the GNSS receiver is presented. The amplitude of an AGC is configurable in order to cooperate with baseband
chips to achieve interference suppression and be compatible with different full range ADCs. And what’s more, the
gain-boosting technology is introduced and the circuit is improved to increase the step accuracy. A zero, which is
composed by the source feedback resistance and the source capacity, is introduced to compensate for the pole. The
AGC is fabricated in a 0.18 um CMOS process. The AGC shows a 62 dB gain control range by 1 dB each step
with a gain error of less than 0.2 dB. The AGC provides 3 dB bandwidth larger than 80 MHz and the overall power

consumption is less than 1.8 mA, and the die area is 800 x 300 um?.
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1. Introduction

Automatic gain control (AGC) is an essential function in
Global Navigation Satellite System (GNSS) receivers. As long
as a receiver is required in a GNSS, the signal strength de-
pends on the propagation path attenuation which will increase
the processing difficulties of the following signal processing
units in the receivert!: 2. The task of the AGC loop is to adjust
the gain depending on the receiving signal strength automati-
cally, such that the strength of the signal collected by the signal
processing units in baseband modules appears to be close to a
constant level no matter the size of the propagation path atten-
uation.

Many analog exponential function generators®>—51 and
other approximation methods!® 71 are proposed, but their gain
errors and power dissipations are not good enough for GNSS
applications. What is more, to achieve maximum compatibility
toward a multitude of baseband chips, an AGC with a dB-linear
digital gain control amplifier, which can also be controlled by a
baseband chip, is needed. If we use the analog-controlled VGA,
an extra digital to analog converter must be added that is still
operating on some discrete points. The gain errors cannot be
optimized on these points easily.

As more and more GNSSs are developed, different signal
bandwidths are required by different systems. To meet the de-
mands of, and to avoid interference between different systems,
the receiver must set a higher IF frequency and take advantage
of tunable filters to meet the requirements of different systems.
In order to be compatible with all GNSS requirements, the IF
amplifier has to provide sufficient bandwidth to ensure that it
will not affect the bandwidth of the tunable filter.

EEACC: 1205; 1220

During the receiving of a GNSS signal, there are many
interfering signals, in which continuous wave interference is
particularly serious. A traditional method of suppression(®! in-
volves changing the A/D full-range level to change the quanti-
zation of the noise level to achieve continuous-wave interfer-
ence suppression. There is a new approach that is modifying the
full range of AGCs that does not change the A/D to achieve
continuous-wave interference suppression. What is more, to
make the RF chip cope with different baseband chips, the con-
figurable full range of an AGC output is also needed.

There are many digital gain control amplifiers (DGA)®],
However, a traditional closed loop digital gain control am-
plifier with switchable resistive feedback has the critical dis-
advantage of high power consumption. Several studies!! 013
have been employed in digital gain control amplifier archi-
tectures, whose gain still depends on input transconductance
and the sensitive gain-steps to process variation due to input
transconductance.

Fig. 1. A multi-band multimode GNSS receiver.

* Project supported by the Core Electronic Devices, High-End General Chips and Basic Software Products Major Projects, China (No.
2009ZX01031-002-008) and the National High Technology Research and Development Program of China (No. 2009AA011601).

1 Corresponding author. Email: hexiaofeng@casic.ac.cn

Received 15 August 2011, revised manuscript received 23 September 2011

(© 2012 Chinese Institute of Electronics

025009-1



J. Semicond. 2012, 33(2)

He Xiaofeng et al.

Fig. 2. Architecture of the proposed AGC loop.

Based on the above, an output amplitude configurable
wideband automatic gain control with high gain step accuracy
is presented. Figure 1 shows a diagram of a multi-mode GNSS
receiver where the proposed AGC can be used. Under auto-
matic control mode, the AGC can adjust the gain automatically;
under baseband control mode, the control signal of the digital
gain control amplifier is generated from the baseband chip.

2. System architecture

The proposed output amplitude configurable wideband au-
tomatic gain control with high gain step accuracy block is
shown in Fig. 2. It consists of a DGA, an improved digital gain
control unit and a mode switch circuit. When the AGC is set
under automatic control mode, the baseband chip turns on the
switch connected to the digital comparison; while the digital
control feedback loop is shut down, and the control code of
the DGA is generated from the output of the digital compar-
ison. The signal amplified by the DGA is compared with the
reference voltage, and then the output of comparisons is accu-
mulated in a digital integrator. Finally the output of the digital
integrator is compared with a set number in a hysteresis digital
comparison whose output controls the gain of the DGA un-
til the amplitude of the output signal satisfies the set criterion.
When the AGC is set under baseband control mode, the base-
band chip turns on the switch connected to the baseband chip,
while the automatic feedback loop is shut down. Now the gain
control of the DGA circuit is provided by the baseband chip.

The amplified signal is compared with the voltage of the
reference and the output of the comparator is shown in Fig. 3.
The ratio between the reference voltage and the peak signal de-
termines the ratio of the high voltage of the comparator output
throughout the signal cycle and the ratio can be expressed as:

i . VRerp
o —arcsin
_ M
P=———F— (D
2

where Vigr is the reference voltage and V) is the amplitude

of the input signal. The clock signal is imported to sample the
output of the comparator and the ratio of high voltage is statis-
tics. If the statistics period is 512 clock cycles, the value of the
sample voltage which is larger than the reference voltage is

512
N:Za1+a2+a3+”-ai+-~-+0512, 2

n=1

a; = 0, if the output of the comparator is 0 in time 7,

ay = 1, if the output of comparator is 1 in time i.
N, which stands for the ratio of the high voltage in the cycle,
is compared with N,, which is the preset voltage. If NV is larger
than N,, the digital module reduces the gain of the digital con-
trol amplifier. If N is smaller than N,, the digital module en-
larges the gain of the digital control amplifier. When N is equal
to N,, the output amplitude is stable and the equation N,/512
= P is satisfied and the amplitude of the output signal can be
expressed as:

VM = VREF sm[(l — Na/512) X 77,’/2] (3)

From the above formula, the amplitude of the output sig-
nal can be controlled by setting N, between 0 and 512. In this
design, the output amplitude is limited by the OIP3 and the
control ranges from 336 to 800 mV, while Vigg is 370 mV.

As the amplitude of the input signal changes constantly and
N cannot be the same as N, every time, the hysteresis com-
parator is introduced. The hysteresis range is set from N to
Ny, where N, is smaller than Ny but larger than Ny . If the am-
plitude of the input signal is in the area between Ny and Ny, the
gain of the amplifier is unchanged to avoid introducing other
digital noise.

Since it is highly difficult to use a single stage DGA to
realize a very wide dynamic range of gain tuning, we propose
to utilize five stages of individual DGAs to attain the required
64 dB range, wide bandwidth, and decibel linearity. As shown
in Fig. 3, the range of the first and second DGA is 0 to 24 dB
with an 8 dB gain step; the third and fourth stage is aimed at
the 3 to 9 dB range with a 2-dB gain step; and the last stage is
8 to 9 dB with a 1 dB gain step.
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Fig. 3. Architecture of the proposed DGA circuit.

Fig. 4. Schematic of the DGA.

3. Circuit design

A portion of the AGC circuits in Fig. 2, including the dig-
ital gain amplifier, automatic control circuit and mode switch,
is designed based on the 0.18 um CMOS process.

3.1. Digital gain amplifier

The gain of the traditional structure of the digital gain am-
plifier circuit!'*l is determined by the ratio of the load resis-
tance and source feedback resistance. The main drawback is
that the gain is determined by the following formula:

AV = ngL/(l + gmr)» (4)

where r is the source feedback resistance. To ensure the accu-
racy of the gain step, we have to enhance transconductance as
much as possible, which consumes too much power and limits
the size of the load resistance. This paper introduces a gain-
boosting structure!'®! and improves the structure by adding
a buffer circuit, which improves the driving ability and ex-
tends the circuit bandwidth. What is more, the zero compensa-
tion technology, which uses the parallel source resistance and
source capacitor to generate the zero and compensation for the
first pole of the circuit. The whole circuit is shown in Fig. 4.
The gain-boosting part and the corresponding small sig-
nal model are shown in Fig. 5, from which we can derive the
relationship between the input and output voltage:

(_ngml)Vin

Vou = s
L+ (A gm)r/2

A= ngngml

where Ry and R, are equivalent resistances of the tail current
source I1, M6 and g, is the transconductance of the corre-
sponding MOSFET. The whole circuit gain can be derived as

Fig. 5. Gain-boosting circuit and the corresponding small signal
model.

follows:

_ (ngm4gm1RL)Vin _ gm4RLVin
1"i_ngRIgmlr/z gm2r/2 ’

where R; is the load resistance and r is the source feed-
back resistance. Compared with the original gain formulator,
transconductance has been enhanced by gn,» R and accuracy
is improved.

To extend the bandwidth of the circuit, the zero is intro-
duced which is composed from capacitance C; and the source
feedback resistance Ry. The frequency response of the whole
circuit can be derived as follows:

(6)

0

VO(_lw) — (ngm4RLgml)Vin 1
1 + ngngml(r/z//]/jwcl) 1 +jWRLCgN
1

X —
1 +]wcgg/gm3
_ &msRLVin(1 +jrwCy)
gm2r/2
1 1
X " . ’
1 —I—_]wRLCgN 1 +_]wcgg/gm3

(7

where Cyy is the equivalent capacitance of the next stage and
C,, is the capacitance of M4. The main pole in the circuit is
determined by Ry Cen, which can be compensated for by the
zero rCj.
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Fig. 6. Die micrograph.

The gain can be adjusted by changing the load resistance
or the source feedback resistance. As the two stages have a
larger gain step, the gain is adjusted by changing the source
feedback resistance and the gain in the three behind stages is
adjusted by changing the load resistance. To maintain the zero
compensating the pole, capacitance C; is changing with the
load and source resistance.

3.2. Automatic control circuit

The automatic control circuit consists of two comparators,
a digital integrator and a digital hysteresis comparator.

The comparator consists of three parts: the preamplifier,
the positive feedback latched circuit and the output buffer. The
preamplifier plays a key role in the comparator, which can re-
duce the input-referred offset and kickback noise of the clocked
comparators. If the preamplifier has a high voltage gain, the
offset voltage is dominated by the preamplifier, which can be
given byl6]

Ve = Vas — Vi [ AGW/L) ~ ARp
08 2 W/L Rp

} — AV, (®)

where AW, ARp and AV}, are technology mismatch para-
meters. The most direct way to reduce the offset voltage of
the preamplifier is to increase the size of the device while
maintaining the gain of the preamplifier and keeping W/ L un-
changed! 7.

A 9 bit counter is used as an integrator. The counter counts
the number of ones in every 512 cycle to calculate the high
voltage of the comparator output voltage. The result is com-
pared using the hysteresis comparator and the corresponding
gain control bits are generated in the hysteresis comparator and
fed back to the DGA to provide the desired gain.

4. Measurement results

The wideband automatic gain control circuit with a high
precision dB-linear digital gain control amplifier is fabricated
in a 0.18 um single-poly six-metal CMOS process. Figure 6
shows the microphotograph of the fabricated chip. For test pur-
poses, a buffer is added to the output of the AGC block to en-
sure that the external loading capacitance will not affect the
AGC block.

Fig. 7. (a) ASK input signal. (b) Automatic control process and the
final stable output of the AGC.

The total current consumption of the AGC is 1.8 mA and
the five-stage DGA consumes 1.5 mA current, when the AGC
is powered up by a 1.8 V power supply. Therefore, the total
power consumption is only 3.24 mW.

4.1. Function of the AGC

To test the function of the AGC, it is configured in auto-
matic control mode and an ASK-modulated signal is imported
into the AGC, in which the carrier frequency is 46 MHz and
the modulation signal frequency is 500 Hz. The ASK input sig-
nal and the test result are shown in Fig. 7. Figure 7(a) shows
the ASK input signal, in which the input changes from 20 to
400 mV in a continuous fashion. Figure 7(b) shows the au-
tomatic control process. The final stable single-end amplitude
shown in the top left corner is about 420 mV.

4.2. Dynamic range

When the AGC is configured in baseband control mode,
the gain of the DGA varies with the digital control word. In
Fig. 8, the output differential amplitude changes with the input
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Fig. 8. The measured dynamic range and gain error of the AGC under
digital control.

Fig. 9. Frequency response of the DGA under different control coun-
ters.

signal by 1 dB, every step corresponding to the digital control
word changing from 0 to 62, and the gain error is less than
0.2 dB.

4.3. Frequency response

The AC response of the DGA is measured and shown in
Fig. 9 and the band-pass characteristic is evident. The curves
from top to bottom correspond to digital control from 63 to 0:
the top curve for counter = 63 and the bottom curve for counter
= 0. The high pass cutoff frequency is 6 MHz and the -3 dB
bandwidth is larger than 80 MHz for all counters (or all levels
of gain).

4.4. Input third-order intercept point and the input 1 dB
compression point

Figure 10 shows the method using a two-tone test under an
input frequency of 46 MHz. The TIP3 of the test result changes
with the digital control code and can reach —5 dBm (which
can be seen from the figure), while the circuit is configured
at minimum gain. The input 1 dB compression point is tested
by changing the input signal amplitude under the output sig-
nal compressed 1 dB and the test result shows that the Pi4p is

Fig. 10. ITP3 and P1dB of the DGA under different control counters.

Table 1. Overall performance of the proposed AGC.

Parameter Specification

Maximum gain 79 dB

Die area 0.24 mm?

Supply voltage 1.8V

Current consumption 1.8 mA

3 dB bandwidth [6, 80] MHz

Gain tuning range 62

Gain step accuracy 0.2dB

11P3 -5 dBm (minimum gain)

changing from —16 to —74 dBm with the digital control code
getting smaller.

The overall AGC performance is summarized in Table 1.

A comparison of the proposed AGC with designs pub-
lished in the past is given in Table 2. As shown in Table 2, the
proposed AGC exhibits a wider bandwidth while consuming
less power compared with output amplitude fixed AGC ICs.
The proposed AGC has a competitive gain step accuracy com-
pared with other designs.

5. Conclusions

This paper has proposed an output amplitude configurable
wide band automatic gain control in order to cooperate with
the baseband chips to achieve interference suppression and be
compatible with different full range ADCs. The DGA intro-
duces a gain-boosting technology to achieve high gain step ac-
curacy. And what is more, a zero, which is composed by the
source feedback resistance and the source capacity, is intro-
duced to compensate for the pole. The stable output amplitude
of the AGC is configurable from 336 to 800 mV and the max-
imum gain is about 79 dB, the dynamic range is 62 dB with a
bandwidth greater than 80 MHz. The AGC provides 1 dB ev-
ery step with a gain error of less than 0.2 dB while operating
at 46 MHz. The whole AGC circuit consumes 3.24 mW and
provides —5 dBm IIP3 while the gain is set to minimum.
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