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Abstract: A low power mixed signal DC offset calibration (DCOC) circuit for direct conversion receiver applica-
tions is designed. The proposed DCOC circuit features low power consumption, fast settling time and a small die
area by avoiding the trade-off between loop response time and the high pass frequency of the DCOC servo loop in
conventional analog DCOC systems. By applying the proposed DC offset correction circuitry, the output residue
DC offset voltages are reduced to less than 38 mV and the DCOC loop settling time is less than 100 us. The DCOC
chip is fabricated in a standard 0.13-um CMOS technology and drains only 196 pA from a 1.2-V power supply
with its chip area of only 0.372 x 0.419 mm?2.
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1. Introduction

Direct conversion architecture is one of the most popular
conversion architectures due to its power consumption, simple
architecture and higher integration levell. However, this ar-
chitecture has some design challenges: (1) DC offsets, (2) sec-
ond order intermodulation, (3) LO leakage, self mixing, and
(4) amplitude and phase mismatch(?.

As shown in Fig. 1, the signal leakage caused by the fi-
nite amount of feedthrough from the LO port to the inputs of
the LNA and of the mixer is again mixed with the LO signal,
producing a DC component at the baseband chain. A similar
effect occurs if a large interferer from the LNA or mixer input
leaks to the LO port and is multiplied by itself. Moreover, the
total gain of the baseband chain is typically around 60 dB large
enough to amplify the microvolt DC offset to a level that can
saturate the following stages.

In addition, the third-order inter-modulation between the
input signal and the DC-offset generates second-order distor-
tions. The propagation of the amplified second-order distortion
from stage to stage in the baseband chain not only degrades the
signal-to-noise ratio (SNR) but also saturates circuitsl].

Among the above design challenges, the DC offset caused
by device mismatch and self-mixing may corrupt the useful
signal and more importantly saturate the baseband chain, and
lead to second-order distortions arising from the third-order
nonlinearity in a balanced baseband circuit!® 4!, So it is neces-
sary to apply the DC-offset cancelling circuit to eliminate the
DC-offset.

In this paper, the system architecture of the proposed
mixed signal DC offset calibration core including an analog-to-
digital converter (ADC), digital control logic, digital-to-analog
converter (DAC) is described with comparisons to conven-
tional analog DCOC topology. The experimental results of the
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proposed mixed signal DCOC circuit are also shown.

2. DCOC architecture

In a conventional analog DCOC system, as shown in
Fig. 2, the DCOC servo loop high pass frequency f; is set to a
very low value to keep the desired signal band intact, typically
lower than 0.1% of the data rate, and can be expressed as

Je = fo x ABo, (1)

where fj is the cut-off frequency of the low pass filter in the
DCOC feedback circuit, A is the forward gain of the baseband
chain and B is the low frequency gain of the feedback por-
tion. If the demanded f; is 10 kHz, fy is nearly 10 Hz, which
requires a huge chip area occupied by the low pass filter to
achieve the large RC time constant. The closed loop transfer
function of the baseband path of Fig. 2 can be expressed as

H(s) = A(s + wo)

= ST (T ABo)wo’ @)

where wy is the corner frequency of the low pass filter. From
Eq. (2), the settling time of the analog DCOC loop is deter-
mined by the time constant of 1/[(1 +A48¢)we], which can be

LNA Mixer LPF
~ + +

1>~ (X). VAN
O

cosw, ,t

Fig. 1. Self-mixing.

© 2011 Chinese Institute of Electronics

125008-1



J.Semicond. 2011, 32(12)

Yang Lijun et al.

DCOC

Mixer
+ _

F—_—t e ==

Digital control
logic

This work

Fig. 3. A simplified schematic of the DCOC.

very large and the response time can be quite long in propor-
tion to the above time constant. So Equation (2) also reveals
that there is trade-off between the lower band frequency of the
receiver path and the response time of the DCOC loop.

In this paper, a digital calibration scheme is proposed for
cancelling the DC offset in the baseband chain. Here, the criti-
cal second-order distortion issue in the analog baseband is tack-
led by using a mixed signal calibration mechanism. This tech-
nique benefits from low power consumption as well as a fast
settling time by avoiding the trade-off between the DCOC loop
response time and the lower band of the received signal faced
by conventional analog DCOC topologies.

A simplified schematic of the proposed DC offset calibra-
tion circuit is shown in Fig. 3. In the analog baseband, the DC-
offset calibration is carried out by the servo loop connected be-
tween the output of the baseband programmable gain amplifier
(PGA), from which the tunable gain range is from 5 to 55 dB
and the input of the mixer. The servo loop includes an ADC,
the digital control logic and a DAC.

The DCOC system consists of a 1-bit analog to digital
converter (ADC), a digital control logic and an 11-bit digital-
to-analog converter (DAC). The ADC samples the DC output
voltage of the PGA and outputs 1 bit digital code, then the dig-
ital control logic tunes the 11-bit digital code according to the
ADC output. Finally the DAC converts the digital control sig-
nal to analog current signal through this 11-bit digital code to
compensate the DC offset at the mixer stage.

In the proposed scheme, the residual DC offset voltage de-
pends on the resolution of the ADC and the LSB of the DAC.
The settling time depends on the digital control method. The
following sections will discuss ADC, DAC and the digital con-
trol block in detail.

2.1. ADC

DC-offset of balanced branches in the PGA can be sensed
by a 1-bit voltage-mode ADC as shown in Fig. 4. The 1-bit
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Fig. 4. Schematic of the 1-bit ADC.

ADC is composed of a comparator and a rectifier. The com-
parator compares the differential output voltages of the PGA
and then the rectifier converts the output of the comparator
into a 1-bit digital code. To ensure that the input transistors
of the ADC work in saturated region regardless of the high in-
put sensed DC offset level, the input of the comparator adopts
complementary rail-to-rail architecture. Since the residue DC
offset voltage depends on the resolution of the ADC, which
depends on the gain of the comparator, the cascode structure is
used and achieves a DC gain as high as 65 dB. The proposed
circuit can resolve the DC offset as small as 2 mV.

2.2. DAC

Since the DC-offset calibration range and resolution de-
pends on the full scale and LSB current of DAC, respectively,
an 11-bit balanced DAC based on a sub-sectional structure is
designed. The DAC converts DC error correction code from
the digital control block outputs to the DC-offset correction
current, which is fed back to the input of the active mixer to
eliminate DC-offset. The simplified schematic of this DAC is
shown in Fig. 5.

As shown in Fig. 5, for achieving low power and small
chip area, the 11-bit DAC is divided into three parts: P_cells
and N_cells are controlled by thermometer codes Py; (i =0, 1,
...,15)and N; (i =0, 1, 2, ...,14), respectively, and the two
thermometer codes P,; and N; are converted from the higher 4
bits D(10-7) and the middle 4 bits D(6-3) of the 11 bit of the
DAC input code. The N_cell_16 is controlled by binary code
generated from the lower 3 bits D(2-0) of the DAC’s 11-bit
code. By dividing the 11-bit DAC into three sub-sections as de-
scribed above, its power consumption and chip area is greatly
reduced.

For example, when D(10,9,8,7) is set to (0,0,0,0), the one
hotcode P,; (i =0, 1,2,...15) makes all switches from P, to
P,15 open except Py, and the corresponding reference branch
current ‘1’ is divided into 16 identical parts and flows to the
node ‘I,’. Then the thermometer code N; (i =0, 1, 2, ...14)
control reference currents flow either to /oy’ or ‘Ioun’. Each
of the /16 current steered to the N_cell_16 is further divided
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Fig. 5. Schematic of the DAC.

into 8 identical parts and the DAC lower 3-bit code decide. At
the same time all switches from P, to _P,;5 close except P,
then the thermometer code Py; (i =0, 1, 2, ... 15) controls the
corresponding reference currents flow either to ‘I, or “ Loy .
By using this method, the DAC’s monotonicity is guaranteed.

From the above discussion, the differential output current
of the DAC is derived as follows:

Al = Touwt — Toue
— [(1024K 10 + 512Ko + --- + 2K; + Ko) — 1024] LSB,

)

where K; (i =0, 1, 2,...10) is the 11-bit code of the DAC
and 1024 LSB = 8/ . From Eq. (3), the tunable current range is
from —817 to 8/ . Initially the DAC code is set to the middle of
the full range, namely: <10000000000>. At this time, the out-
put current is fully balanced, corresponding to the status when
the DC offset is very small and does not need any calibration
process.

The bias circuit of the DAC is shown in Fig. 6. Since the
gain of the active mixer in this paper is designed to be tun-
able by changing its feedback resistors, which will lead to DC-
offset variation referred to the input of analog baseband and
request for the individual DAC to readjust DC-offset cancella-
tion codes corresponding to different gain of the mixer. There-
fore, as shown in Fig. 6, the transistor M4 is tunable and has
four steps according to the gain of the mixer. Because the drain
current of the transistor M4 is constant, the gate voltage of M4
follows the changing of the size of M4. If the source voltage
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Fig. 6. Bias circuit of the DAC.

of transistor M3 were fixed, it may thus easily enter the linear
region. By adopting the proposed circuit, the gate voltage of
the M3 will follow the changes of the size of the transistor M4
to keep M3 in the saturation region as will be explained below.

In Fig. 6, the diode connected transistor M9 provides the
bias voltage for the transistor M3. The drain current of the tran-
sistor M9, Ipg, changes according to the size of the M3. For ex-
ample, if the size is increased, Ipg decreases, then the gate volt-
age of M3 V3 (equal to Vy) increases. Because the size and
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Fig. 7. Simulation result of the DCOC.

the drain current of M3 is constant, the source voltage of M3
is also increased, which makes the change of the drain—source
voltage of M3 Vg3 acceptable, and transistor M3 works in the
saturation region.

Transistor M10 forms the start-up circuit to ensure that the
loop including M5, M7, M8 and M9 can start up correctly.

2.3. Digital control logic unit

The digital control logic sets the DAC output current ac-
cording to the 1-bit ADC output and performs a binary and
step-by-step mixed searching mechanism, which can reduce
the settling time and ensure the resolution of the DCOC loop:
when the output DC-offset is larger than a threshold value, the
digital control logic performs binary searching mechanism, on
the other hand, when the DC-offset is less than this threshold
value, a step-by-step searching mechanism is performed.

Figure 7 shows an example of the DC-offset calibration
procedure. Initially, the DAC input code is set to the middle
as <10000000000>. Then, the output of the 1-bit ADC is ‘1°,
which means that the output DC at the ‘p’ branch of the PGA is
much higher than that of the ‘n” branch. The digital controller
applies the binary searching method to adjust the 11-bit DAC
code to <01000000000> to compensate more current to the ‘n’
branch of mixer than to the ‘p’ branch. After that, the output of
the 1-bit ADC becomes ‘0’, indicating that the output DC at
the ‘p’ branch of PGA is now lower than that of the ‘n’ branch.
The DAC input code then is reset as <01100000000> by us-
ing the digital control logic unit to compensate more current
to the ‘p’ branch of mixer, and so on. Then, the output DC at
the ‘p” branch of PGA is close to that of ‘n’ branch, the digital
control logic now performs a step-by-step searching method by
successively subtracting the DAC input code by ‘1’ at a time.
When all of the eleven bits of DAC are properly set, the DC-
offset of the PGA is calibrated to the minimum value limited
by the LSB current of DAC, which is set to 120 pA in this
design. In this example, after the calibration process, the final
11-bit DAC control code is set to <01010101010>.

Fig. 8. Die photograph of the DAC.

In the system level, the ADC is powered down after the cal-
ibration process is finished for low power consumption and the
DAC keeps active to maintain the DC offset calibration current.
As a reference clock of 30 MHz is used, the time consumed by
calibrating the DC-offset is only less than 1 us in theory. To
avoid interference caused by power supply spurs, the digital
control logic re-calibrates 16 times to get an average value, by
which the calibration accuracy is greatly improved. Moreover,
the digital control logic needs to wait 1 us every time before
resetting the 11-bit DAC for the low pass filter and the PGA’s
transient response. Especially for the filter, auto-tuning system
needs 1 us to tune its cut frequency. In practice, different PGA
gain makes the offset before calibration at the PGA outputs also
different, the DC-offset calibration time therefore ranges from
tens of nano-seconds to the worst case of less than 100 us.

3. Experimental results

The die photograph of the proposed DAC circuit is shown
in Fig. 8. The DAC has been implemented in a 0.13 pum
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Fig. 9. Experimental transient response of the DCOC system under
30 dB of the PGA.

THU JUN 23 16:29:08 2011
20008/ ik 1T 107V

ilent Technologies

0 2000/ B 200¢/ § ]

5 39.80¢

[AX = 85.600000us 1/AX = 11.682kHz

£ 127 1 0 P [t

Y1
617.50mV

Fig. 10. Experimental transient response of the DCOC system under
55 dB of the PGA.

Table 1. Summary of the experimental results at 25 °C.

Parameter Experimental result
Technology TSMC 0.13 pum
DCOC prototype Mixed signal
Supply 12V

Power drain 0.196 mA x 1.2V
Tunable DC offset value <38mV

Settling time < 100us

Area 0.372 x 0.419 mm?2

CMOS technology. The active area of the ADC chip is 0.372 x
0.419 mm?. Dummy transistors are widely used for reliability
purpose.

The experimental transient response of the mixed signal
DC offset calibration loop with low gain and high gain of the
PGA is shown in Figs. 9 and 10, respectively. As shown in
Fig. 9, the initial DC offset level is 470 mV, which is reduced
as 15 mV when the mixed signal DCOC is activated and the
calibration time is only 28 us. As shown in Fig. 10, the initial
DC offset level of almost rail-to-rail is reduced to 37.5 mV by
the proposed mixed signal DCOC calibration circuit and the
calibration time is 85.6 us.

Complete experimental results of the proposed DCOC cir-
cuit are summarized in Table 1.

Table 2. Comparison of performance with other DCOCs.

Parameter Ref. [5] Ref. [6] Proposed
Technology 0.18 0.35 0.13
(um)

DCOC Mixed Analog Mixed signal
prototype signal

Power supply 1.8 1 1.2

V)

Power drain 11 (with 6.8-7.9 0.235
(mW) PGA) (with PGA)

Tunable DC < 100 <177 < 38
offset value

(mV)

Settling time — 305 < 100
(1s)

Table 2 compares the performances of the proposed mixed
signal DC-offset calibration circuit with the referenced works,
among which the proposed DCOC circuit has the lowest power
consumption and the fastest response time.

4. Conclusion

This paper proposes a mixed signal DC offset calibration
circuit for direct conversion architecture applications. The pro-
posed DCOC architecture consists of a 1-bit analog to digital
converter, a digital control block and an 11-bit digital-to-analog
converter. Experimental results show that the DC offset cali-
bration circuitry reduces the DC offset voltage to less than 38
mV with less than 100 us settling time. The DCOC chip is fab-
ricated in a 0.13-um CMOS technology and drains 0.196 mA
from a 1.2-V power supply. The active chip area is only 0.372
x 0.419 mm?.
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