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A binary-weighted 64-dB programmable gain amplifier with a DCOC
and AB-class buffer*
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Abstract: This paper designs a binary-weighted programmable gain amplifier (PGA) with a DC offset cancellation
(DCOC) circuit and an AB-class output buffer. The PGA adopts the circuit topology of a differential amplifier with
diode-connected loads. Simulation shows that the performance of the PGA is not sensitive to temperature and
process variation. According to test results, controlled by a digital signal of six bits, the PGA can realize a dynamic
gain of -2 to 61 dB, and a gain step of 1 dB with a step error within +0.38 dB. The minimum 3 dB bandwidth is
92 MHz. At low-gain mode, [IP3 is 17 dBm, and a 1 dB compression point can reach 5.7 dBm. The DCOC circuit
enables the amplifier to be used in a direct-conversion receiver and the AB-class output buffer circuit reduces the
overall static power consumption.
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1. Introduction

An automatic gain control (AGC) circuit is widely used in
wireless communications, magnetic storage, hearing aids and
other circuits!!>2], while the variable gain amplifier is a key
component of AGC. According to gain adjustment methods, a
variable gain amplifier can be divided into two categories: a
variable-gain amplifier (VGA) where gain is continuously ad-
justable, and a programmable gain amplifier (PGA) where gain
is discrete and controlled by a digital signall®]. In wireless com-
munication applications, the PGA is usually located in front of
the analog to digital convertor (ADC) in the receiver part. If the
received signal is too small, it is necessary to increase the gain
to reduce the accuracy requirement on the ADC. If the signal
is too large, the gain needs to be reduced to avoid ADC satura-
tion. So the dynamic range of a properly received signal can be
increased, and the best resolution of the ADC can be madel*.

The topology of VGAs can be divided into two kinds:
closed-loop and open loop architectures. The former is as the
operational amplifier with feedback circuitl®!, of which the
feedback factor can be changed to change the gain. The gain
is determined from the ratio of the feedback and input resis-
tance value, so it can achieve high accurate voltage gain. The
use of a feedback structure can give the amplifier high linearity,
but it is relatively difficult to achieve high bandwidth with low
power consumption. The latter is like an amplifier with source
degradation which can alter the source degradation resistor to
change the gainl® 7). This type of circuit has good linearity and
low harmonic distortion. But in order to reduce gain errors and
increase the gain step linearity, a high degradation resistance
value is needed, and generally the transconductance enhanced

technology is adopted to increase the equivalent transconduc-
tance of the input transistor. These will limit the bandwidth of
the amplifier and may cause stability problems. The differen-
tial amplifier circuit with diode-connected loadst 8 is also an
open-loop structure, which is widely used. Because its voltage
gain is the gm ratio of the input and the load transistor, the gain
can be controlled precisely, and is not sensitive to temperature
and technology changes. Due to its open-loop structure, it is
easy to implement it into broadband applications with rational
power consumption.

In this paper, a binary-weighted gain control PGA adopt-
ing the architecture of a differential amplifier with diode-
connected loads!® is implemented. With a DCOC circuit and
an AB-class output buffer, the PGA can be used in a direct con-
version receiver with a severe DC offset, and reduce the static
power consumption of the whole circuit. Test results show that,
controlled by six binary bits, the gain dynamic range is —2 to
62 dB with a 1 dB step. The minimum bandwidth is 92 MHz,
and a 1 dB compression point is as high as 5.7 dBm.

2. Circuit design

In this section, the architecture of the whole circuit is de-
scribed, as well as the schematics of the PGA, DCOC and AB
class output buffer are presented and analyzed.

2.1. System design

The overall circuit structure of this design is shown in
Fig. 1, where the input buffer adopts a source follower struc-
ture to achieve a DC level conversion, and it is the DCOC cir-
cuit’s gm stage in the interim. The following three stages are
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Fig. 1. The overall circuit architecture.
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Fig. 2. Schematic of fine-tuning stage.

the PGA coarse gain tuning circuit, and the front two stages
are controlled by the same bit to realize a 0 or 32 dB gain
state. The third stage is designed with the 0, 16 dB gain modes.
Following the coarse gain tuning stages is the fine-tune stage,
controlled by a 4-bit digital signal to achieve a 1 dB gain step
and a 0—15 dB gain range with a total of 16 steps. The out-
put buffer has two sets. One is only for testing, using a source
follower structure with a huge power consumption and its out-
put impedance matching to 50 2. The other buffer is a class
AB amplifier using a quasi-floating gate technology!®!, which
can drive a small resistive load with a low static power con-
sumption. The DCOC circuit is designed to work with the input
buffer to eliminate a DC offset.

Each stage of the PGA in this paper is assigned a rational
gain, which is not too high to achieve, or so small that more
stages are needed to get the same gain range, which results
in more power consumption. And each stage is DC-coupled,
so there is not any switch between stages. Because the MOS
switches in the signal path can cause attenuation and their re-
sistors change with the signal, this can deteriorate the linearity
of the PGA.

2.2. PGA circuit design

A PGA circuit adopting a differential amplifier structure
with diode-connected loads, which is improved to achieve bi-
nary gain control, has been reported® 191, In this work a sim-
ilar structure is used, and a schematic of the fine-tune stage is
shown in Fig. 2, where the left half is the input of differential
pairs, and the right half is the diode connected loads. In the cir-
cuit, k is constant, indicating there is no switch connected to

Em-input = \/2MnC0x(W/L)1[1
X (20a0 +2'ay +22%a, + 23as + k) ENE))

And the transconductance of the load:

&m-load = \/2/anox(W/L)212
x (2%a9 +2'a; + 2%a, + a3 + k). (2)

From Egs. (1) and (2), the voltage gain Ay of the circuit
can be expressed as:

&m-input
Ay = 2%
&m-load

_ ‘/(W/L)l 1, 2°a0+21a1 —|—22a2+23a3+k
© JW/L), I, 2% +2'a, + 2%a, + 2%a3 + k-
In the above three equations, the values of @ is 1 or 0, which

is implemented by MOS switches being on or off. Equation (3)
can be rewritten as:

3

200 + 2'ay + 22a, + 2%a5 + k

Av =
v ﬂanO + 217, + 22a, + 2%a3 + k
x+k
R P i — 4
’324 —1—-x+k )
where x = 2%a° + 2'a! + 2242 + 2343, and B is:
B=VW/L) 11/ (W/L), L. (5)

Lett = (x —7.5)/(k + 7.5), and substitute it into Eq. (4),
we can get Ay = B(1 +1)/(1 — 1) ~ Be*Bl So the gain of
the circuit in dB can be expressed as:
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Fig. 3. Block diagram of a DCOC circuit.

gain = 20 (g + 2t 1ge) . (6)

From Eq. (6) it can be deduced that in logarithmic coordi-
nates the gain is proportional to ¢, which is proportional to the
control word. So the gain of the fine-tuning stage can be binary-
weighted, and the gain step is 40 1g e/(k + 7.5). To deduce
the Ay’s exponent expression from Eq. (4), a method named
pseudo-exponential approximation has been introduced®!. The
smaller the value of 7, the more accurate the approximation of
the expression. So by changing the value of k, the gain step
error can be changed also. When k is large, the step error is
small. From Eq. (6) it can be deduced that when the control
word varies from 0 to 15, the gain dynamic range is 600 1g e / (k
+ 7.5). So when k becomes larger, the gain dynamic range be-
comes smaller. The trade-off between gain dynamic range and
gain step error need to be made carefully.

From Eq. (6) we can also conclude that when 8 = 1,
the gain curve has a negative intercept in the gain coordinate
axis. When the § value is changed, the intercept value changes,
but the gain dynamic range and the slope of the curve do not
change. In order to shift the gain curve to make the minimum
gain of 0 dB, the B value should be properly selected.

The coarse-tuning stages are similar to the circuit in Fig. 2,
but the control word is reduced to one bit. Because they are
in front of the fine-tuning stage, the noise is more considered
than linearity. So the input and load transistors are bigger than
in the fine-tuning stage to reduce the 1/f noise. In the fine-
tuning stage, the gate length of transistors is small so they work
quickly and maintain good linearity with a small biasing cur-
rent.

2.3. DCOC circuit design

In a direct conversion receiver, the self-mixing phe-
nomenon will introduce a large DC offset. If there is not a
DCOC, the circuit will be saturated and cannot work prop-
erly because of the high gain of the PGA. Figure 3 shows the
block diagram of the designed DCOC circuitl®!, of which the
gm stage is the biasing circuit of the input buffer. The feedback
amplifier detects and amplifies the output signal of the PGA. At
the output of the feedback amplifier, a first-order RC low-pass
filter is applied to filter out the high frequency signals and pass
the low frequency signals to the gm stage. Then the DC offset
will change the output current of the gm stage, so the biasing
current of the input buffer is changed, resulting in a DC level
of the differential input of the PGA being almost the same.

Feedback
amplifier

Fig. 4. Analysis of the noise properties of a DCOC circuit.

Because the cut-off frequency of the DCOC circuit has to
be low, it is inevitable to use large values of R and C. But
the cut-off frequency need not be precise, so MOS capacity
is adopted here to save die area and the ploy resistor is used for
its high sheet resistance.

The large value of R makes it very important to analyze
its impact on the noise performance of the circuit. As shown in
Fig. 4, set the DC gain of PGA A;, the gain of feedback ampli-
fier A,, and the gain of the gy, stage with its load resistance Rj
As, so the loop DC gain is equal to A; A A3. First, considering
the case of placing an RC filter at the M position, the closed-
loop DC gain is Vou/Vin = A1/(1 + A1 A2 A3) ~ 1/A3 A3, so
the input referred noise (IRN) caused by R is 4kTR(A2A3)>.
When the frequency is gradually increased from 0, owing to the
pole of the RC filter and the poles of the amplifier, the loop gain
will decrease. When the frequency is high enough, the input re-
ferred noise becomes 4k TR/A?. Second, considering the case
of placing the RC filter at the N position, from point N to the in-
put the closed-loop DC gain is Vi,/Vx = A3/(1 + A1 A2A3) =
1/A1 A», so the input referred noise is 4k TR/(A1A2)?. When
gradually increasing the frequency, as in a similar analysis ear-
lier, the IRN changes to 4k TR A3.

Thus, when RC is placed at position M, at low-frequency
resistance R will introduce considerable noise to the circuit, but
at high-frequency and the PGA at high mode the noise’s impact
on the circuit is neglectable. When the RC filter is placed at po-
sition N, the impact of the noise caused by resistor R is opposite
to that in the situation above.

By the above analysis, in order to reduce the output DC
offset, the value of A, A3 should be high. If RC is placed at
position M, at low-frequency the noise caused by R will be
notable. So RC is placed at position N, which keeps the 4, A3
value but reduces the value of A3. These can keep the output
DC offset value, and reducing the impact of R on the noise
performance of the circuit at all frequencies.

2.4. Design of class AB output buffer

In the receiver, a buffer stage is necessary for the PGA
to drive the following ADC. If a traditional class A amplifier
is used, it will require high static power consumption, which
is not conducive to the application of mobile devices. So an
AB class output buffer is implemented. The designed class AB
output buffer stage is shown in Fig. 5, which is a super source
follower improved by using quasi-floating gate technology!].
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Fig. 6. Layout of the whole circuit.

The high current to drive the load resistor is provided by the M3
and M5 in turn. When the voltage of the input signal is high,
the potential at the upper plate of capacitance C decreases. Be-
cause M2 is equivalent to a large resistor, capacitor C cannot
be quickly changed. So the potential of the bottom plate of C
will be reduced also. With the input amplitude increasing, the
output voltage is also increasing, so it’s necessary to provide
more current to the load. While the M3’s Vg is gradually re-
duced, its drain current is reduced. But the absolute value of the
MS5’s Vs increases, so its drain current is increased. The M5
provides the large current flowing to the load. When the input
voltage decreases, just as the analysis above, the high-current
outflow of load will be absorbed by M2.

The value of Iy does not need to be high, so the circuit
consumes less quiescent power than the source follower buffer.
But the value of W/ L of M5 and M3 should be big to allow a
big current to pass through the transistors. There are two iden-
tical class AB buffers as for the differential outputs of the PGA.
They must be matched carefully to minimize the DC offset of
the outputs.

3. Measurements

The circuit is taped out adopting TSMC 0.18 um RF tech-
nology. The layout of the whole circuit is shown in Fig. 6. The
overall die area is 800 x 700 um?, and the core area not includ-
ing the PAD is 550 x 350 um?. The test PCB photo is shown in
Fig. 7. With a 1.8 V power supply, not including the test buffer,
the circuit consumes 17 mA of DC current. That is coincident

Fig. 7. Photo of testing on PCB.
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Fig. 8. Schematic diagram of the S-parameter test.
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Fig. 9. AC response of the single end of testing buffer when control
word is 000000-111111.

with the simulation result, and according to simulation, the core
circuit including coarse and fine gain tuning stages consumes
only 13 mA of DC current.

As shown in Fig. 8, in order to get the AC response of
the circuit, one port of the differential inputs is connected to
the output port of vector network analyzer HP 8753ES, and
the other is suspended. Meanwhile, one of the testing buffer’s
differential output ports is connected to the vector network an-
alyzer, and the other end is connected to a 50 €2 resistor for
balance.
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10. Output spectrum of the single end of an AB class buffer when
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the input power is —2.7 dBm and control word is 000001 in two-tone
testing,

Fig. 11. The 1 dB compression point test result when the control word
is 000001.

Table 1. PGA test and simulation comparison.

Parameter Gain (dB) Gain step Step error IIP3 (dBm, Py (dBm, Bandwidth IRN
(dB) (dB) @ low gain) @ low gain)  (MHz) (nV/Hz!/2,
@ 10 MHz)
Simulation -1.8t0 61.4 1 < £0.31 18.6 > 105 6
Measurement -2 to 61 1 < £0.38 17.5 > 92 —
Table 2. PGA test performance comparison.
Parameter Ref. [3] Ref. [7] Ref. [10] Ref. [11] This work
Gain (dB) —21to21 3-66 —321t052 —30 to 40 —21t0 61
Gain step (dB) 1.31 1 — 2 1
Step error (dB) < £0.54 < £0.2 < =+l < 0.55 < £0.38
IIP3 (dBm, @ low gain) 14 20 13 -1.96* 17.5
Py (dBm, @ low gain) -5 — -2 — 5.7
Technology (xm CMOS) 0.18 0.13 0.13 0.35 0.18
Supply voltage (V) 1.5 33 1.5 33 1.8
Bandwidth (MHz) 60 20 200 90* > 92

* Simulation results.

Figure 9 shows the S5; testing results. The gain dynamic
range is —14 to 49 dB at 10 MHz, and the step is 1 dB with a
step error of within £0.38 dB. It should be pointed out that,
for the differential circuit, the differential output AC voltage is
twice the single-ended voltage. So the actual differential gain
should be 6 dB more than the single-ended measured result.
Meanwhile the testing buffer has about 6 dB of attenuation, so
the gain dynamic range without the buffer is -2 to 61 dB. The
minimum 3 dB bandwidth is 92 MHz at maximum gain, and the
highest cut-off frequency of the DCOC is 160 kHz. Adopting
the same measurement method, the overall differential gain of
the PGA with an AB-class output buffer is —4 to 59 dB.

At low frequency, the high-gain curves have gain peaks,
and the worst one is about 2 dB, which may be caused by the
parasitic capacitance of the polysilicon resistors in the DCOC
circuit. When the PGA gain is increased, the loop gain also
increases. So the feedback is enhanced. Due to the poles caused
by the parasitic capacitance, the phase margin of the circuit is
reduced.

Because in small-gain mode the input signal is large, it

is necessary to consider the circuit’s linearity. Using Agilent
signal generator E8267C and Agilent signal analyzer N9030A
PXA, with differential inputs and adopting the similar method
as shown in Fig. 8, the performance of the PGA’s IIP3 and 1 dB
compression point can be tested.

Figure 10 shows the output spectrum of the AB buffer’s
single end in a two-tone test, where the gain control word is
set to 000001, meaning a —3.1 dB differential gain. The two
tone signal power is both —2.7 dBm, so the IIP3 can be ob-
tained from the test results, which is —2.7 4 (51.4—11.1)/2 =
17.5 dBm. Because the input two-tone is differential, there is
no obvious second order intermodulation, indicating that the
even distortion suppression of the circuit is good.

When the gain control word is 000001, Figure 11 shows
the output power of the single end of the AB class buffer as
a function of the input power. From the testing result it can
be seen that the input 1 dB compression point is 5.65 dBm,
and the output 1 dB compression point is —1.74 dBm. Because
the result is from the single end of the differential output, the
differential output 1 dB compression point is 4.26 dBm for a
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50 2 resistor.

The PGA test and simulation result are compared in Ta-
ble 1. According to the test, the gain range of the circuit is —2
to 61 dB and the gain step is 1 dB with a step error of less than
40.38 dB. The lowest 3 dB bandwidth is 92 MHz. At low gain
mode, the IIP3 can be 17.5 dBm, and the 1 dB compression
point is as high as 5.7 dBm. For simulation, the gain range is
—1.8 to 61.4 dB with a step error of less than 0.31 dB. The low-
est 3 dB bandwidth is 105 MHz. At low gain mode, the IIP3 and
1 dB compression are 18.6 dBm and 6.5 dBm. So the test re-
sults fit the simulation well except for the gain peak at high gain
mode. A summary of the PGA test performance of this work
is also shown in Table 2, where the performance of the PGA
designs in different references and this work are compared.

4. Conclusions

In conclusion, based on Cadence EDA platforms, realized
in TSMC 0.18 um RF technology, this paper designs and im-
plements a binary-weighted gain control PGA with a DCOC
and an AB-class output buffer. Through circuit simulation we
know that the gain of the circuit dynamic range and the gain
step is insensitive to different process corners and working
temperatures, and at high-gain mode, the input referred noise
(IRN) at 10 MHz is about 6 nV/Hz!/2. The die area (including
all PAD) is 800 x 700 um?. Based on test results, the gain dy-
namic range is 64 dB with a total of 2° steps, and the gain step
is 1 dB, with a step error of less than £0.38 dB.

When the testing buffer exists at about 6 dB attenuation,
the maximum gain of the overall circuit is 55 dB. The lowest
3 dB bandwidth is 92 MHz. IIP3 at low gain mode is 17.5 dBm,
and 1 dB compression point as high as 5.7 dBm. With 1.8 V
power voltage, not including the test buffer, the circuit con-
sumes 17 mA of DC current. That is coincident with the simula-
tion result, and according to simulation, the core circuit includ-
ing coarse and fine gain tuning stages consumes only 13 mA

of DC current.
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