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A High Linearity CMOS DVB-S Front-End
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Abstract: A direct conversion CMOS DVB-S front-end employs a T-configuration variable attenuator,a single-to-

differential low noise amplifier,and a low noise mixer. By innovative use of the attenuator, the linearity handling

ability of the system is dramatically improved. The system is designed and fabricated in SMIC 0. 18;;m RF CMOS

technology. The measurement data show that the front-end provides a total of more than 30dB dynamic range and

a noise figure of 5dB in the wide frequency signal band. The prototype front-end consumes only 10mA and

achieves an 1IP3 of + 20dBm.
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1 Introduction

Digital signal broadcasting is a major applica-
tion in consumer electronics. With the current
trends in technology, the dominant demand from
the market is for high bandwidth,low power,low
cost, and a high level of integration solutions.
These demands have partially been met by the de-
velopment of state-of-art CMOS technology for
improving the theoretical maximum device fre-
quency. CMOS TV tuner designs, however, face
great challenges due to the difficulty of linearity
handling within a reasonable power dissipation
level. This is because the received signal power in
cable and wireless communication systems may
vary by orders of magnitude and has not,unfortu-
nately, scaled down with the advancement of
technology.

The traditional method to control the input
power level is to implement a variable gain ampli-
fier (VGA) in a loop with automatic gain control
(AGCQC).In essence,to approach the gain variation
goal,one can tune the amplification ability (in the
presence of effective transconductance g,), the
effective load,and the level of degeneration, tun-
ing the transfer function of the negative feedback
network. It also can be achieved by an attenuator
preceding the RF front-end. Accordingly, there
are forms of architectures that lend themselves
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conveniently to the realization of RF VGA. They
are signal summing (by tuning the effective
gm )UNM s

loads"

variable
[2,3.6]

source  degeneration %,

1.3.6.7] , and

, tunable feedback networks
attenuators® . However, the first four methods
may consume hundreds of milliwatts to meet the
specification. For applications such as a handheld
DVB receiver,it is extremely difficult to meet the
requirement that power dissipation be below a
few tens of milliwatts, which amounts to only mil-
liamps from a 1. 8V supply. Also, to increase the
linearity,it is very popular to use an internal spi-
ral inductor in the low supply voltage design™*®'.
However,the mandating of a number of reactive
components requires a larger die area, especially
for wideband (950~ 2150M for the DVB-S) and
low frequency design (downward to 40M for the
DVB-T),so it is not a generic solution and is not
our concern.

On the other hand,attenuators with FET de-
vices working in the resistive linear region are
passive blocks and do not dissipate any power. Re-
cent works have been reported that such an atten-
uator can be integrated into a single ship and is
suitable for wideband RF applications™®*!. There-
fore,the purpose of this work is to test the usabili-
ty of the mainstream CMOS process to implement
the wideband, high linearity, low noise TV tuner
with low power dissipation and validate it.
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Fig. 1 Tuner chip block diagram

2 System architecture

The receiver front-end architecture shown in
Fig. 1 is based on a wideband front-end and an
output driver for DC offset cancellation and tes-
ting. The variable gain attenuator first processes
the RF band, which is from 950 to 2150MHz.
Then, after being amplified by a fixed gain low
noise amplifier (LNA) with single-to-differential
conversion, the signal is down-converted to the
baseband signal by a complex I/Q mixer. The
channel is selected by the LO source. All the sig-
nal paths are differential after the LNA,although
the diagram is single-ended for simplicity.

3 Circuit description

3.1 T-network attenuator with dynamic matching
control

The attenuator not only controls the input
signal power, but also provides impedance matc-
hing. There are many types of attenuators. The
most commonly used types are the passive T-con-
figuration'®'*’, bridged T-configuration and the n-
configuration” , which are designed using FET
devices working in the triode region. Figure 2
shows the realization of the attenuator with dy-
namic matching feedback control. It consists of a
traditional T-configuration network, a master
feedback loop to control the impedance matc-
hing,and controlled voltage to vary the gain fac-
tor. The key points of merit of an attenuator are
minimum insertion loss and power handling capa-
bility as measured by the power 1dB compression
point. According to these, we chose the simple T-
configuration for the reasons below:
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Fig. 2 Attenuator diagram and the control circuitry
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(1) The minimum insertion loss can be
achieved by setting the serial transistor Ms to a
large size. Research has shown''" that the on re-
sistance is at a feasible level (2~3Q) for current
technology when matching 50 or 75Q. More im-
portantly, the block must achieve the minimum
NF across the entire wideband.

(2) According to its passive property, high
linearity can be achieved without any extra power
penalty.

(3) No additional control circuits are needed
for the dB linear control for the T-configuration
other than the n and the bridged-T. This is be-
cause the scaling factor is nearly proportional to
the value of the shunt resistor and the resistance is
inversely proportional to the control voltage.

Under all process corners, the T-network
needs to maintain the input S;; matching and out-
put S, matching. This is controlled by the imped-
ance comparison concept illustrated in Fig. 2.
When the voltage V., varies,the replica servo cir-
cuit dynamically controls the matching condition
of the T-network, with the result that S,, and S,
both meet the matching requirement under all
Vn values and through the entire RF band. Simu-
lations with SpectreRF show that the matching
condition will not change due to the process,volt-
age supply, or temperature (it is PVT independ-
ent). The results in Fig. 3 show that the attenuator
can achieve a minimum assertion loss of 0.7 to
1dB in the signal band of 950~2150MHz.and the
minimum attenuation gain is 33dB in the matching
condition.

3.2 Wideband LNA design

The LNA is shown in Fig. 4. The purpose of
the LNA in the TV receiver is to provide wide-
band input matching and amplification as well.
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Fig. 3 T-network performance results

The LNA is a wide-band amplifier and provides
single-ended to differential conversion via the
common-source device M1 and the capacitor C;.
The usage of the single-to-differential conversion
scheme is due to the TV tuner’s single-ended in-
put. This conversion can be achieved in many
ways. Besides the off-chip balun approach’,
which is not discussed in this work due to its large
area and narrow band nature, they are based on
the voltage latency effect of the capacitor'’’ and
the tail current division effect'®™’. We chose this
capacitor solution architecture for its power sav-
ing advantages and low noise degradation proper-
ties. The resistive shunt-feedback provides good
wideband impedance matching and flat gain re-
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Fig. 4 LNA schematic

1. 5GHz by selecting the width of common source
transistor and the bias condition'’*’. Then, with
feedback resistor R;,which tends to be a few hun-
dred ohms, the bandwidth extends to cover
850MHz~2. 5GHz. The LNA provides a low noise
figure of 3dB and a voltage gain of 18dB and con-
sumes only about 6mA.

3.3 Down-mixer design

The traditional current-folded, double-bal-
anced Gilbert mixer shown in Fig. 5 is used for I/
Q down conversion. Using the pre-attenuator
technique, linearity is not so stringent, and the
noise becomes the main consideration. For the
purpose of noise reduction,we propose the current
splitting scheme: We supply a large current to the
transconductance stage, while a smaller current is
injected into the switch quad network. This
scheme not only addresses the conversion gain is-
sue, but also reduces the flicker noise pulse. The
four pMOS switches required must be wide enough
to consume minimal voltage headroom while allo-
wing a bandwidth greater than 50MHz at the out-
put without overloading the LO buffer. According
to the direct conversion architecture, there are
time-invariant DC offset problems, especially
through bond wire coupling for the LO provided
externally. Therefore, a DC-offset servo loop is
needed to control the mixer outputs for elimina-
ting the DC-offset in order not to saturate the
subsequent stages. Further linearity improvement
is achieved by the source degeneration.
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Fig. 6 Chip photograph

The down-mixer needs a power level of about
0dBm from local oscillator. Simulations indicate
that the mixer displays an NF of 8dB and a volt-
age conversion of 10dB while drawing 4mA from
the supply. The IIP3 of the mixer is 20dBm.

4 Chip implementation and measure-
ment results

Besides the attenuator, the LNA, and the
mixer,the prototype also includes a baseband var-
iable amplifier, which can switch gain between 0
and 12dB. The baseband amplifier also has the
function to drive the output load (up to 5pF ca-
pacitor with 2kQ resistor in parallel) and con-
sumes ZmA current.

The designed tuner front-end is fabricated in
a 0.18,m 1P5M CMOS process at SMIC and occu-
pies a die area of only 0.2Ilmm* (300pm X
700pm). The simulator is SpectreRF from Ca-
dence and the model is BSIM3V3. 2. A die photo-
graph is shown in Fig. 6.

The die was housed in QFN56, and is tested
on two-layer FR4 PCB substrate. The input reflec-
tion coefficient was tested by means of an Agilent
5071B network analyzer. The S,; << — 10dB is met
throughout the entire signal band.

At the receiver output, a high-speed low-dis-
tortion differential amplifier ( MAX4146) was
used to convert the differential IF output signal to
a single-ended format, driving the measurement
equipment 50Q input ports,and to raise the front-
end output noise above the sensitivity level of the
E4440A spectrum analyzer which is used to cap-
ture its frequency content. The NF is 4. 8dB with
the 1/f corner at 0. 8MHz. The two-tone testing
by E4440A shows that the IIP3 of the receiver
will be as high as 20dBm in the low gain mode. A
summary of the most relevant measurements and a
comparison with the state of the art is reported,

and it meets all the specifications and is suitable
for application as a DVB-S tuner. The data also
show that the simulation results depicted by Spec-
treRF are a little different from the measurement
results. We believe that the simulation does not
consider the board level insertion loss,and the de-
vice model may not be accurate enough,especially
the noise model of flicker noise.

5 Conclusion

This paper has demonstrated that an innova-
tion technique for using a resistor-based T-net-
work attenuator can provide high linearity up to
20dBm in the low gain mode, low insertion loss
down to 0. 7dB, and wide-band input matching to
cover the band from 950MHz to 2. 1GHz.

Table 1 Testing results and requirements

Parameter Simulated Measured Required
S11/dB < -16 < -12 < -10
Noise figure/dB 4.1 <5 <6
Voltage gain/dB —-5~40 —-5~40 -5~35
Linearity
20 20 15
(1IP3) /dBm
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