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A low power high linearity baseband for a direct conversation CMMB tuner

Ma Heping(马何平)1, †, Yuan Fang(袁芳)1, Shi Yin(石寅)1, Lan Xiaoming(兰晓明)1,
and Dai Fa Foster(代伐)2

(1 Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China)

(2 Department of Electrical & Computer Engineering, Auburn University, Auburn, AL 36849-5201, USA)

Abstract: An analog baseband circuit made in a 0.35-µm SiGe BiCMOS process is presented for China Multi-
media Mobile Broadcasting (CMMB) direct conversion receivers. A high linearity 8th-order Chebyshev low pass
filter (LPF) with accurate calibration system is used. Measurement results show that the filter provides 0.5-dB pass-
band ripple, 4% bandwidth accuracy, and –35-dB attenuation at 6 MHz with a cutoff frequency of 4 MHz. The
current steering type variable gain amplifier (VGA) achieves more than 40-dB gain range with excellent temperature
compensation. This tuner baseband achieves an OIP3 of 25.5 dBm, dissipates 16.4 mA under a 2.8-V supply and
occupies 1.1 mm2 of die size.
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1. Introduction

China Multimedia Mobile Broadcasting (CMMB) is a
mobile television and multimedia standard developed and
specified in Mainland China by the State Administration of
Radio, Film, and Television (SARFT). It is based on the
satellite and terrestrial interactive multiservice infrastructure
(STiMi). The CMMB service operates in the S-band frequency
with 25-MHz bandwidth in order to offer 25 video and 30 ra-
dio channels.

In order to handle both satellite and terrestrial reception,
the CMMB tuner requires a very high input sensitivity and a
wide dynamic range, which requires very low noise and high
linearity; small form factor and low cost, which requires a
high degree of integration; and a low power consumption. The
baseband of a CMMB tuner has to meet a strict specification
from system requirements: (a) an accurate calibration system
is needed to maintain the precision cutoff frequency against
process variations, temperature drift, and aging; (b) a sharp
transition band and a large stopband attention, which are im-
portant for efficient adjacent channel rejection; (c) a reason-
able Q (quality factor) value for good linearity, lower noise
and low power consumption; (d) a small passband ripple to
improve the frequency dependent I/Q mismatch; (e) a temper-
ature independent characteristic over a wide dynamic range,
which is critical to achieving simple and accurate RSSI esti-
mations. In Ref. [3], an active-RC filter and an automatic tun-
ing system have been implemented, but these consume more
power and a greater silicon area due to their complexity. In
Ref. [5], the bandwidth of operational amplifier was estimated
in order to decrease the power dissipation. In our work, the
Q increase, which resulted from a poor bandwidth operational
amplifier, is discussed. The results are important in low-power

filter design. The variable gain amplifier with gain and tem-
perature compensation and the low pass filter with accurate
calibration system are described.

2. Baseband design

In a direct conversation architecture, optimal signal con-
ditioning requires that gain and filter stages be alternated in
the signal path, as shown in Fig. 1. The first stage after the
mixer is an eighth-order Chebyshev low pass filter (LPF), so,
it can thoroughly reject the adjacent channel interference and
the high-frequency mixer intermodulation. This LPF can relax
the linearity specifications of the following block and natu-
rally decrease the power consumption. It also meets the ADC
aliasing constrain. The LNA and the mixer of the tuner have a
sufficient gain; so, the main filter has a sufficiently low noise
to be used immediately behind the mixer. However, the filter
itself should be very linear. The DCOC loop is used to remove
DC offsets introduced by the mixer and the layout, which is
discussed in detail in another paper related to this work.

2.1. Baseband variable gain amplifier

A VGA with temperature independent characteristic is

Fig. 1. Baseband chain.
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Fig. 2. (a) Detailed circuit schematic of AGC; (b) Detailed circuit
schematic of VGA; (c) Detailed circuit of temperature compensation.

preferred in the CMMB tuner because of its large dynamic
control range. We describe a SiGe BiCMOS VGA with accu-
rate temperature compensation. A block diagram of the pro-
posed VGA system is shown in Fig. 2(a). Vbdg is a constant
voltage reference generated by a bandgap, and it is converted
to a voltage reference V ref by a voltage converter. VC is the ex-
ternal control voltage from the digital baseband, and it changes
to the internal control voltage VGC. Through these resistors,
the voltage control range can be enlarged. The detailed circuit
schematic of the VGA is illustrated in Fig. 2(b). The relation
of gain and control voltage Vgc can be expressed as[1]

Vout

Vin
=

1

1 + e−Vgc/VT

R1

R2 + 1/gm
. (1)

Equation (1) shows that the logarithmic gain (in dB) is
almost linearly dependent on the control voltage Vgc, when
Vgc is both negative and has an absolute value less than the
threshold voltage VT

[1]. In addition, the gain is also related to
the temperature mainly through VT, which causes the gain co-
efficient to vary with the temperature and is undesirable.

The temperature compensation can be done as shown in
Fig. 2(c)[2]. Then, with the compensated voltage Vgc generated
by the AGC circuit, the temperature variations can be compen-
sated. The pivotal component of this stage is a current compo

nent that varies with the square of the absolute temperature.
The intrinsic voltage loop is composed of transistors Q1, Q2,
Q3, and Q4. The current flowing through Q1 and Q3 is pro-
portional to the absolute temperature (Iptat), while that flowing
through Q2 is derived from a constant current (Ibg). Summing
the voltages across the loop gives:

Vx = VT ln
Iptat

IS1
+ VT ln

Iptat

IS3
= VT ln

IC2

IS2
+ VT ln

IC4

IS4
. (2)

Thus I1 shown in Fig. 2(c) is derived as

I1 = IC4 =
I2
ptat

IC2

IS2IS4

IS1IS3
=

I2
ptat

Ibg

IS2IS4

IS1IS3
. (3)

The factor IS2IS4
IS1IS3

depends only on the matching between tran-
sistors. So, the current I1 is proportional to the square of the
absolute temperature. Assuming that the transistors Q5 and Q6
are identical, we can get the output voltage of the differential
pair as:

Vgc = αFI1 tanh
(

Vref − VGC

2VT

)
≈ αFI1

Vref − VGC

2VT
, (4)

where αF =
βF

1+βF
, βF is the forward current gain, and Vref is a

reference voltage that is independent of the temperature.
The latter equation holds when Vref−VGC

2VT
≪ 1. Combining

Eqs. (4) and (1) and according to I1 ∝ T 2, which can attenu-
ate the “VT”, the temperature compensation is provided by the
current proportional to the square of the absolute temperature.

2.2. Baseband filter

In the baseband of the CMMB tuner, there are several
major issues when we design an LPF. Regarding the selec-
tion of the LCR prototype, there are concerns of filter rejec-
tion response and group delay distortion. Owing to the very
stringent adjacent-channel rejection specification and the abil-
ity to tolerate a nonuniform group-delay response, Chebyshev
filters are more suitable although they have a high quality fac-
tor and consume a lot of power. In this paper, we have to es-
timate the accurate bandwidth of an operational amplifier in
order to mitigate redundant power dissipation. Among Gm-C,
MOSFET-C, and active-RC filters, the linearity of Gm-C fil-
ters is the worst. For low-power applications, MOS-resistors of
the MOSFET-C operate in the so-called triode region and act
as nonlinear resistors with deteriorated linearity. One method
to improve the linearity is by using on-chip charge pumps
to increase the gate voltage of the MOSFETs. However, this
can only partially solve the problem. In addition, compared
with a cascade of biquard to compose a high order filter, the
leapfrog technique has a lower sensitivity against component
value variations. In order to decrease the passband sensitivity,
which results from the element, the leapfrog technique is used
to synthesize the filter, and the configuration of the filter is ob-
tained from the RLC ladder prototype. The structure of the BB
filter is shown in Fig. 3(a)[3]. A 5-bit programmable binary-
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Fig. 3. (a) Structure of the BB filter; (b) A programmable capacitor bank.

weighted capacitor array [Fig. 3(b)] with a ±50% pro-
grammable range was employed to calibrate the process and
the temperature drift.

As shown in Fig. 3(b), the capacitance of the capacitor
bank is determined by a digital control word and can be tuned
to a set of discrete values:

Cbank = Cfix + nCu, n = 0, · · · , 2N − 1, (5)

where Cfix and Cu are a fixed capacitor and a unit capacitor,
respectively. Each capacitance bank must be capable of rep-
resenting every capacitance value in a specified range given
by Cnom ± x%. Cnom is the nominal design value, and x is the
required percentage range of the capacitance. We have Eq. (6):

Cfix = Cnom

[
1 +

x
100

(
1

2N − 1
)]
. (6)

We choose a tuning range of (–50%, +50%) around Cnom. The
quantization error ε is given by

ε = ± 1
2Cfix

Cu
+ 2n ∓ 1

. (7)

The quantization error ε will be maximized when n equals
zero. The calculation shows that the maximum εmax is
±3.125% (εmax = 1/2N , N = 5). The tuning accuracy is within
±3.125%, i.e., it has a ±125 kHz variation for the 4 MHz cutoff
frequency.

Here, we will analyze the Q increase problem, which de-
pends on the bandwidth of the amplifier. In order to estimate
the necessary GBW for the OPAMP, a second-order filter is
analyzed, as shown in Fig. 4.

The transfer function of a nonideal amplifier is expressed
as

A(s) =
Aampwamp

s + wamp
. (8)

If we suppose that this nonideal amplifier is used in the lossy

Fig. 4. Second-order low pass filter.

integrator shown in Fig. 4, the transfer function H(s)lossy is de-
rived as

H(s)Lossy ≈
1

R21

1
1

R22
+ sC22 −

w2C22

Aampwamp

. (9)

We can derive the Q increase of the filter due to the amplifier’s
nonideality. We define ∆Q2 as

∆Q2 =
QL − QI

QI
, (10)

QL − QI

QI
≈ 1

Aampwamp/2wIQI − 1
. (11)

QL is the Q factor of the lossy integrator, which has a nonideal
amplifier; QI is the Q factor of the integrator with an ideal am-
plifier. W I is the bandwidth of the filter. The Q is defined as
the gain at the cutoff frequency.

As the GBW decreases, the Q of the filter increases
abruptly from the Q of its LCR prototype. The required GBW
for the Chebyshev filter is twice as high as the GBW for the
Butterworth filter. Higher Q filters, such as Chebyshev filters,
require a higher GBW to mitigate the increase of Q from their
LCR prototype. In a 4 MHz 8th Chebyshev, in order to keep
the increase of the Q (∆Q2) smaller than 5 % (= 0.42 dB),
the GWB must be 280 (Qmax = 7) times as large as the cutoff
frequency at 4 MHz. So, the GBW of the amplifier is not less
than 1.12 GHz, and Equation (11) can be applied to high-order
filters.
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Fig. 5. (a) Calibration circuit schematic for the BB filter; (b) Opera-
tion of calibration.

The implementation of the OPAMP is a typical two-stage
miller-compensation an OPAMP with common feedback cir-
cuit. The simulation shows that the OPAMP can achieve a
GBW of 1.1 GHz, a phase margin of 70o, a DC gain of 75 dB,
and a power consumption of 1.4 mW with a load capacitor of
500 fF (i.e., the parasitic capacitor value of the capacitor-bank
in the main filter, which is less than 10% of the total value of
the capacitor-bank) and a load resistor of 10 kΩ.

2.3. Automatic frequency tuning for filters

In a continuous-time active-RC filter, to guarantee the
high-precision filtering operation, the accurate absolute values
of the resistors and capacitors must be realized and maintained
during operation. Figure 5(a) shows the block diagram of the
general 5-bit tuning circuit for active-RC filters. The tuning
system is based on a discrete capacitor bank and can be tuned
either automatically or by switching the signal select within
the device mux (multiplexer) high or low, as shown in the fig-
ure. The tuning system is mainly composed of the integrator,
the comparator, and the digital part. The reference resistor and
the capacitor bank should be chosen to be of the same kind
as the main filter. The refer voltage is supplied by a bandgap-
voltage reference, and the Vref can be converted into a current
by the constant-Gm architect. The current is accurately mir-
rored to charge the capacitor bank and this realizes the func-
tion of an integrator. The output voltage of an integrator can
be expressed as

Vo =
Vref

RrefCbank
t. (12)

Fig. 6. Die photograph of the baseband RFIC.

The integrator output is compared with the reference
voltage. If Vref > Vo, the comparator outputs a high voltage,
and the digital part decreases the 5-bit tuning code of the ca-
pacitor bank until Vref < Vo. If Vref < Vo, the comparator output
voltage (Cont) is low, and the digital part stops to decrease the
tuning code. This process moves Vo close to Vref . After every
comparison, the signal Clk discharge will discharge the inte-
grator voltage on the capacitor bank, while Clk charge gives
the beginning signal to charge the capacitor bank when a new
tuning code has been generated[4, 5].

The operation of the tuning is shown in Fig. 5(b). The
tuning process occurs in the serial manner. In the initial state,
all the tuning control bits are high and all feedback capaci-
tors are connected, implying the minimum slope of the inte-
grator output. The control bits and corresponding capacitors
sequentially become low and disconnect from the circuit, re-
spectively. At the moment when the slope is large enough for
the output to reach the reference value during the Clk charge,
the tuning process is finished. In this way, the worst-case total
number of clock cycles for tuning operation is 2N for a tuning
accuracy of N bit. The tuning system can be turned off after
tuning.

3. Measurement result

Figure 6 gives the die photograph of the CMMB base-
band. The baseband of the CMMB is implemented in a 0.35
µm SiGe BiCMOS technology, which occupies 1.1 mm2 of die
size.

Figure 7(a) shows the measured and the simulated VGA
gain versus the control voltage at 2.8 V and 25 degrees. The
measured curve is similar to the simulated curve. Figure 7(b)
gives the measured and simulated VGA gain curves at 2.52
V and 85 degrees. Though the curves are slightly shifted, the
gain range can meet the system requirement.

The measured frequency AC characteristics of the filter
are illustrated in Figs. 8(a) and 8(b). The filter shows a cut-
off frequency of 4.28 MHz at 25 degrees and 4.13 MHz at 85
degrees with a corner frequency calibration.

Figure 9 shows the measured in-band OIP3. The exper-
imental result is measured with the VGA gain of 8 dB. The
input power is –22 dBm. Therefore, the in-band OIP3 is 5.7
dBm according to Eq. (13). In addition, the measured out-of-
band OIP3 is 25.5 dBm.
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Fig. 7. Measurement and simulation results of the VGA gain: (a) At
25 degrees and 2.8 V; (b) At 85 degrees and 2.52 V.

Fig. 8. Measured frequency characteristics of the filter with the cali-
bration result: (a) At 25 degrees; ( b) At 85 degrees.

IIP3|dBm =
∆P|dBm

2
+ Pin|dBm. (13)

Table 1 summarizes the CMMB baseband performance.

4. Conclusion

This paper presents a low power baseband for China
Multimedia Mobile Broadcasting applications. It was realized
in 0.35-µm SiGe BiCMOS technology. Excellent temperature

Fig. 9. Measured in-band OIP3 of 5.7 dBm.

Table 1. Summary of the CMMB baseband performance.

Parameter Measured value

Gain range > 40 dB
3 dB bandwidth 4.28 MHz
Attenuation 35 dB @ 6 MHz
Passband ripple 0.5 dB
In-band OIP3 5.7 dBm
Out-of-band OIP3 25.5 dBm
Supply voltage 2.8 V
Current consumption 16.4 mA
Area 1.1 mm2

compensation and an accurate calibration system have been
successfully realized. The main filters achieve a good linear-
ity and have low power dissipation. The measurement results
show that the baseband satisfies the CMMB tuner specifica-
tions.
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