A Highly Linear CMOS Baseband Chain for
Wideband Wireless Applications

The emergence of wide channel bandwidth wireless
standards requires the use of a highly linear, wideband
integrated CMOS baseband chain with moderate power
consumption. In this paper, we present the design of highly
linear, wideband active RC filters and a digitally
programmable variable gain amplifier. To achieve a high
unity gain bandwidth product with moderate power
consumption, the feed-forward compensation technique is
applied for the design of wideband active RC filters.
Measured results from a 0.5 pm CMOS prototype
baseband chain show a cutoff frequency of 10 MHz, a
variable gain range of 33 dB, an in-band IIP3 of 13 dBYV,
and an input referred noise of 114 pVrms while dissipating
20 mW from a 3 V supply.
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1. Introduction

The past few years have witnessed a rapid growth of
wireless standards for a wide channel bandwidth and high data
rate capability such as Wideband Code Division Multiple
Access, IEEE projects 802.11a and b, and so on. Cost
considerations favor integrated CMOS transceiver realizations
using direct conversion radio architectures. In such
architectures, channel selection is done after a down conversion
from RF to DC by means of highly linear, wide-bandwidth
integrated low pass filters. Active RC filters are typically
preferred due to their higher linearity compared to Gm-C
(transconductance-C filter) implementations.

Unfortunately, the need to drive resistive loads makes an
active RC wideband design a challenging task. Typically, large
bias currents are used to achieve a high op-amp open-loop
unity gain frequency [1]. However, the use of the above
mentioned standards in battery operated portable applications
places a great premium on device power consumption [2].
Therefore, novel circuit techniques are required that enable the
realization of highly linear wideband active RC filters with
moderate power consumption.

In this paper, we introduce the use of feed-forward
compensated amplifiers in a wideband filter design. We
implemented a fourth-order low-pass Butterworth filter with a
cut-off frequency of 10 MHz by cascading two Tow-Thomas
biquads. Additionally, we realized a variable gain amplifier
(VGA) with a gain range of 33 dB. For DC offset cancellation,
we implemented a first-order high-pass filter with a cutoff
frequency of 30 kHz at the first stage of the baseband chain. The
measured results of a prototype CMOS implementation in a
0.5 um technology indicate the possible utility of the designed
filter in an IEEE 802.11a analog receiver baseband chain.
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II. Feed-Forward Compensated OTA

An accurate operation of active RC filters requires a large gain-
bandwidth amplifier [3]. Conventionally-used two-stage
operational  amplifiers employ capacitive  frequency
compensation and hence suffer from a limited gain-bandwidth. In
contrast, a feed-forward compensated amplifier is capable of
simultaneously achieving a large gain-bandwidth product and
open loop gain [4]. Figure 1(a) shows a simplified block diagram
of the feed-forward compensated operational transconductance
amplifier (OTA), and Fig. 1(b) shows a fully differential feed-
forward compensated OTA. Transistors M; — M5 shown in Fig.
1(b) constitute the input stage of the main amplifier, which is
equivalent to the first stage shown in Fig. 1 (a). My — Mg in Fig.
1(b) constitute the feed-forward amplifier, which is equivalent to
the feed-forward stage in Fig. 1(a). The shared output stage, My —
My in Fig. 1(b), is equivalent to the second stage in Fig. 1(a).

If we assume each stage in Fig. 1(a) to have a single pole,
then each stage is modeled in [4] and [5] as

Ay
Am(S) L N Aout(S) AL N At(S) (1)
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Here Ay (s), Aou(s), and A¢(s) are the transfer functions of the
first, second, and feed-forward stages of the OTA shown in Fig.
1(a), respectively. 4;, A>, and A, are the DC gains of Ay(s),
As(s), and Ag(s), respectively, and ), w,,, and w,; are the
poles of Ay(s), Aqux(s), and A«(s). The transfer function of Fig.
1(a) can be derived as
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A4 )+ A (g @
U+ gD+ S50y

If the second stage pole, @, and the feed-forward stage pole,
@y, are both designed to have the same value, the transfer
function now becomes
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From the above transfer function, the open loop gain and left
half plane (LHP) zero are
Open loop gain ~ Ar + A142 4
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If the LHP zero is designed to be equal to the second pole,
Wy, (3) becomes

Vou _ (A142+47)
Vin (1+Lj
wp!

which is a one-pole amplifier. In this case, a large phase margin
is obtained without sacrificing the gain-bandwidth (GBW)
product [4]. Also, compared to a Miller compensated two-stage
amplifier, the open loop gain is increased by 4; the gain of the
feed-forward stage. Moreover, the feed-forward compensation
scheme leaves the dominant pole unchanged, thus realizing a
larger 3 dB bandwidth.

The compensation scheme used in Fig. 1(b) employs two
feed-forward amplifiers, My and Mp, to create LHP zeros. The
positive phase shift of LHP zeros is used to compensate the
negative phase shift due to the poles. Since the OTA in Fig.
1(b) does not use any Miller capacitor, the dominant pole is not
pushed to lower frequencies, and a higher unity gain bandwidth
product can be achieved. For proper operation of the feed-
forward compensation scheme, the signal polarity at the output
of the second and feed-forward stages should be same. To keep
the same signal polarity, Vi,. is applied to My and M;, and V;,.
is applied to My and M,. Two common mode feedback
amplifiers, CMFB1 and CMFB2, are used to ensure the
common-mode voltages of the input and output stages.

An imperfect cancellation between the second pole and the
LHP zero results in the decrease of the phase margin. To
minimize the effect of the imperfect pole-zero cancellation, the
cancellation must occur at high frequencies and the second and
feed-forward stages should not include a non-dominant pole
until the arrival of the overall unity gain bandwidth product [5].
The second and feed-forward stages must be optimized for a
high bandwidth, and the first stage needs to be designed to
have a high gain and small load -capacitance. The
transconductances of the individual gain stages are determined
based on (4) and (5). For example, the transconductance of the
second stage can be determined after the LHP zero is decided
because the second pole should be equal to the LHP zero for
the pole-zero cancellation.

The open loop gain of Fig. 1(b) can be approximated as

©)

Em
+ 7
(gdsl+gd:3)j,( )

open loop gain = (gay+gass+gasr) | &ms

8o ( Emr1
where g1, Zns, and g, are the transconductances of transistors
M, Mg, and My;; and g/, uss» asfr> ass» and g7 are the small
signal channel conductances of My, M3, Mg, Mg, and M; from
Fig. 1(b), respectively.

If the feed-forward and second stages are designed to have
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Fig. 1. The proposed DMB transmission system.

the same transconductance value, the open loop gain now
becomes
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The LHP zero is approximated as
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where G, is the gate source capacitance of transistor M in Fig. 1(b).

The major noise contributors of the OTA in Fig. 1(b) are the
PMOS input differential pair, M; and M,, and the NMOS
current sink pair, M3 and My. PMOS devices are selected for
the input at the differential stage because of their lower 1/f
noise. To evaluate the noise contribution of the feed-forward
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stage, we can compare the input referred noise of the OTA in
Fig. 1(b) with the OTA without the feed-forward stage.
Excluding the 1/f noise, the input referred thermal noise of the
OTA in Fig. 1(b) is calculated as

Vo 16kT[ 27 (Qaat €as)’ 2Lyt 8us)’
- 3 grz}'tﬁ(gdsl+gd33+gml)2 gmo(gds'l+gd53+gml)2
+ (gml+gm3) J
gnzb(gdsl+gd33+gml)2

(10)

In the above equation, the transconductances of the feed-forward
and the second stages were assumed to have the same value.

Equation (11) shows the calculation of the input-referred
noise of the OTA without the feed-forward stage:

= 2 2 2 2
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Fig. 2. The schematic realization of a VGA and Tow-Thomas low pass filter.

Comparing (10) to (11), the feed-forward stage does not
increase the input-referred noise much if the second stage has a
high transconductance value, which is required for the design
of the second stage to obtain a high frequency bandwidth.

III. Design of Tow-Thomas Filter and VGA

Figure 2 shows the schematic of a low pass filter and VGA,
while Fig. 3 shows the schematic of a high pass filter. The
VGA is digitally programmable in steps of 3 dB and is realized
using a switched resistor chain. The low pass filter is a Tow-
Thomas biquad and allows for an independent tuning of the
cut-off frequency and Q factor [6]. The active element is
implemented using the OTA presented in the previous section.

In Fig. 2, transistors M; — My constitute a transconductance
stage that converts the input voltage signal into a current input
to the filter. In order to enhance the linearity of this circuit,
transistors M; and M, are operated in the triode region. Source
degeneration techniques could be employed instead; however,
the use of degeneration resistors leads to a loss of dynamic
range [7]. Transistors M3 and M, operate in the saturation
region. To maintain the drain and source voltages of input
differential pair M; and M, at a constant value, a bias tuning
circuit is implemented [8].

Transistors M;, M,, Ms, and M are all identical. Also M3, My,
and Mg are identical transistors. Vbias3 is the same voltage as the

input common mode voltage of input differential pair M; and M.

Since the drain voltage of M is designed to be equal to the drain
voltages of M, and M,, the gate voltage of M; and M, is adjusted
to force the drain voltages of M; and M, to equal the source
voltage of M;, which results in the constant drain and source
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voltage of M; and M, [8]. The transconductance stage also
includes a common mode feedback circuit to set the output
common mode voltage to the desired value.

The filter tuning is achieved by using triode region transistors in
parallel to resistors such as R, R, and Rs. The cutoff frequency
and Q factor are given by the following expressions [6]:

1 Ri Ci
, = —_— Q:— —_—
"V R2R:CiC° RaRs N Co

In direct conversion wireless receiver architectures, the DC
offsets resulting from the self-mixing of the local oscillator must
be removed to avoid saturating the baseband amplifiers [9]. In
wideband systems, it is possible to use a high pass filter with a
low comer frequency to filter out the DC offsets [10]. Figure 3
shows a circuit realization of a first order high pass filter. In Fig. 3,
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Fig. 3. A schematic realization of the high pass filter.
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MOS transistors M and Mg operating in a deep triode region
are used as resistive elements to save area and minimize parasitic
capacitance. The active element is realized using an identical
transconductance stage as that used in the VGA.

I'V. Experimental Results

In order to realize a baseband chain for WLAN applications,
a fourth order filter is used. Figure 4 shows the schematic of the
proposed baseband chain.

Vine I\f \f Voutr
Vin- Vout-
1st order VGA1 2nd order VGA1 2nd order
highpass 0-18dB  Tow-Thomas 0-18dB  Tow-Thomas
filter 3 dB step low pass 3 dB step low pass

fiter fiter

Fig. 4. A block diagram of the proposed baseband chain.

We fabricated a prototype in a 0.5 um, double-poly, three-
metal CMOS process. A microphotograph of the prototype is
shown in Fig. 5. The chip size is 1.3 mm X 1.3 mm. The circuit
operates at a supply voltage of 3 V, and the total power
dissipation of the baseband chain is 20 mW.
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Fig. 5. The chip microphotograph (0.5 pm CMOS).

The overall frequency response of the baseband chain is
shown in Fig. 6. The passband cut-off frequencies of the low
pass and high pass filters are 10.1 MHz and 36 kHz,
respectively. Stop band attenuation is larger than 45 dB. Table 1
shows the passive component values used in the design of low
pass and high pass filters.

In order to evaluate the frequency and Q factor tuning
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Table 1. The passive component values.

Ci=3 pF Ri=4.2kQ,
Low pass filter Ca=3 pF R,=3.8kQ
R3;=6.1 kQ

High pass filter C,, C;=11pF

capability of the filter, external tuning voltages were applied to
the gates of the triode region transistors in parallel to R; and R,,
respectively, which are shown in Fig. 2. Figures 6(a) and 6(b)
show the frequency and Q factor tuning capability of the
prototype baseband chain.

Figure 7 shows the measured frequency response of the
baseband chain for different gain settings. The measured VGA
gain range is 33 dB tuned in steps of 3 dB.
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Fig. 6. (a) Measured frequency tuning (10 to 18.5 MHz) and (b)
measured Q factor tuning of the baseband chain.
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Fig. 7. Measured gain tuning range (33 dB in steps of 3 dB).
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Fig. 8. Measured result of the two tone test of the baseband chain.

In order to evaluate the linearity of the baseband chain, a
two-tone input at 1 MHz and 1.5 MHz is applied so that the
resulting intermodulation products fall within the passband.
When an input signal of 178 mV is applied, the third order
intermodulation component at 2 MHz is found to be 55 dB
below the fundamental signal. Figure 8 shows the measured
result of the two-tone test.

Table 2 summarizes the measured performance of the
proposed baseband chain.

V. Conclusion

The presented work shows the utility of feed-forward
amplifiers in the realization of wideband baseband chains.

Two stage feed-forward compensated amplifiers provide
wide gain bandwidth with moderate power consumption. The
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measurement results show that the wideband baseband chain
only dissipates 20 mW to achieve the in-band linearity of 13
dBV. Measurement results from a prototype implementation
indicate a possible use of the proposed baseband chain in
WLAN receivers.

Table 2. Performance summary.

Technology AMI 0.5 pm CMOS
Chip area 1300 pm x 1300 um
Supply voltage 3.0V
Power consumption 20 mW
Cut-off frequency 10 MHz
Signal amplitude (filter input) 1.6 Vpp differential
Input referred noise 114 pVrms
IIP 3 (in-band) 13 dBV
Stop band rejection 45 dB
DC component rejection 16 dB
Gain step 3dB
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