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In wireless receivers, large dynamic range (DR) input signals necessitate addi-
tional power consumption in baseband active filters. A 5th order Chebychev, lad-
der type, companding SC low-pass filter is described in this paper which pro-
vides gain switching based on the instantaneous value of the signal to handle
peak-to-average-power ratio (PAPR), thereby reducing power dissipation for a
given DR. Companding compresses the high DR input signal, processes it in a
lower DR system (the filter in our case) and then expands the signal at the out-
put [1]. Companding is an alternative to AGC, which sets the filter internal gains
during the preamble/midamble so that the signal level in the filter is optimal to
provide the minimum SNDR required by the specifications. The IEEE 802.11a/g
WLAN receiver [2] presents 2 limitations to the use of AGC. First, the standard
puts a stringent AGC settling time requirement (<5.6µs). Since the filter needs
extra settling time, AGC is implemented after the filter and before the ADC in the
receiver baseband. Secondly, the high PAPR of OFDM signals requires headroom
of at least 12dB in the DR of the filter. While dynamic impedance and gain scal-
ing techniques have been proposed in the past as an alternative to AGC [3], this
work addresses the PAPR problem.

Figure 4.10.1 shows an example of a companding SC discrete integrator [4]. The
two non-overlapping clock phases are Φ1 (sampling/hold phase) and Φ2 (inte-
gration phase). Si1, Si2, So1, So2, Inc and Dec are digital signals. Based on the
OTA’s output at the end of Φ2, Si1 and Si2 change the input sampling capacitance
Cs1 to switch the integrator gain by a factor of 2 in the next Φ2 (compression).
So1 and So2 change the output sampling capacitance Cs2 to provide an inverse
gain for the subsequent stage (expansion). The charge (memory) on the integra-
tion capacitance CI is then updated. When the gain is decreased by 2 (when Dec
becomes high), one half of CI is disconnected and discharged to ground during
Φ1 without affecting the output. When it is reconnected to the other half of CI

during Φ2, it halves the output voltage. Another capacitor (CInc) of same value as
CI is charged to the output voltage during Φ1. When the gain is increased by 2
(when Inc becomes high), CInc is discharged to the input of the OTA during Φ2,
thereby doubling the output voltage. These compression, expansion and memo-
ry update operations are synchronized in discrete time. To reduce complexity,
the expansion at the output of each stage is combined with the compression at
the input of the following stage resulting in an equivalent gain for the following
stage. For each stage, the companding algorithm works on a finite-state machine
(FSM) run by a controller consisting of comparators and digital circuits.

Since a companding filter is a nonlinear system internally, its performance is
affected by any spurious signals arising from within the system. In our case, the
OTA’s DC offset gives rise to even-order distortion since the DC offset has the
same sign in both positive and negative half cycles of the input signal. In a SC
ladder type filter, each OTA’s output is sampled in both clock phases for both
feedforward and feedback paths. Thus, the DC offset of the OTAs should be elim-
inated in both phases. We use a continuous-time auto-zeroed (AZ) OTA using
feedforward [5], which results in a residual offset of 500µV under worst case
process and mismatch conditions. Correlated double sampling [5] is also used
to make the integration phase offset-free. Using both techniques, a worst case
THD of -50dB is achieved from simulations. The AZ OTA consumes 40µW from
1.2V compared to 6mW consumed by the main OTA.

For an 802.11a WLAN receiver, Fig. 4.10.2 shows how signal levels vary
throughout the receiver chain for a range of desired signal strength and worst
case adjacent (Int. 1) and alternate-adjacent (Int. 2) interferers. The first stage of

the filter has a gain of 12, 6 or 0dB and the expansion amplifier stage (Exp) after
the filter has a gain of -12, -6 or 0dB respectively. Thus, the companding FSM
has 3 states corresponding to 3 gain settings. The differential filter is implement-
ed in 0.13µm CMOS using 2-stage Miller compensated, Class-A type OTAs with
a DC loop gain of 60dB, GBW of 300MHz and a slew rate of 300V/µs. The OTAs
can be further optimized to reduce power. The filter cut-off frequency is
10.5MHz. The 100MHz clock frequency ensures that companding is almost
instantaneous for the input signals. A first order filter is needed for anti-aliasing.
Separate analog and digital 1.2V supplies are used. A digital 1.5V supply is used
for extra clock buffers that drive low-Vt CMOS switches.

Figure 4.10.3 shows the plots of signal-to-distortion ratio (SDR) vs. the desired
input signal power in dBm for a single-tone test (at 2MHz) in the presence of
interferers and a 2-tone test (at 4.6MHz and 5MHz). The interferers at various
stages of the filter are low enough not to trigger companding when the desired
signal is weak (see Fig. 4.10.2). Signal-to even-order distortion ratio (SDR2) for
the 2-tone test shows similar behavior to the single-tone test and is not plotted
separately. Companding starts at -10dBm sinusoidal input signal level (required
at 1dBm) to allow headroom for jumps in the OTA’s output voltage at high input
frequencies before a decision to compress the signal is made by the FSM. For
OFDM signals, the companding can be switched on when the EVM degrades
beyond an acceptable value. Figure 4.10.4 shows the output frequency spectrum
for the 2-tone test when the input power is −7dBm. The higher order distortion
components are below -65dB and do not affect the total SNDR. Figure 4.10.5
shows the output of the filter before and after expansion for a 2MHz tone and at
−4.4dBm. The measured EVMrms in the companding case is less than 3.8% for a
64-QAM OFDM signal [2]. The long OFDM training symbols are used for chan-
nel equalization. Figure 4.10.6 summarizes the measured results. It is estimated
that companding by a factor of 4 should result in a power savings of 4 times
compared to a non-companding filter for a given DR [4]. However, the control
circuitry, comparators and the expansion stage consume 10mW, which reduces
the power savings to 3.3 times. By performing expansion in the digital domain
(multiplication by 2 or 4), the power savings can come close to 4 in addition to
reducing the DR required from the ADC by 12dB [4]. Other ADC specifications
are not affected since the filter output is in discrete time domain and digital infor-
mation about the expansion is available from the FSM of the last filter stage.
Figure 4.10.7 shows the die photograph. The active chip area (not optimized) is
limited by capacitance (≈60pF), which is 2/3 times of that needed by a non-com-
panding SC filter designed for 79dB DR and a signal swing of 1.4Vpp-diff [6].

Acknowledgements:
This work was supported by the Dutch Technology Foundation (STW). The
authors thank Yannis P. Tsividis, Frank van der Goes and Sandeep P. Mallya for
valuable discussions. Fabrication by IBM was facilitated by MOSIS.

References:
[1] Y. Tsividis, “Externally linear, Time-Invariant Systems and Their Application
to Companding Signal Processors,” IEEE Trans. Circuits Syst. II, Analog Digit.
Signal Process., vol. 44, no. 2, pp. 65-85, Feb. 1997.
[2] Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)
Specifications: High-Speed Physical Layer in the 5-GHz Band, IEEE Std. 802.11a,
Part 11, Sep. 1999.
[3] M. Ozgun, Y. Tsividis, G. Burra, “Dynamically Power-Optimized Channel-
Select Filter for Zero-IF GSM,” ISSCC Dig. Tech. Papers, pp. 504-505, Feb. 2005.
[4] V. Maheshwari, W. Serdijn, J. Long, “Companding Baseband Switched
Capacitor Filters and ADCs for WLAN Applications,” Proc. IEEE Int. Symp.
Circuits and Systems, pp. 749-752, May 2007.
[5] C. Enz, G. Temes, “Circuit Techniques for Reducing the Effects of Op-Amp
Imperfections: Autozeroing, Correlated Double Sampling, and Chopper
Stabilization,” IEEE Proceedings, vol. 84, pp. 1584-1614, Nov. 1996.
[6] G. Groenewold, “Optimal dynamic range integrators,” IEEE Trans. Circuits
Syst. I, vol. 39, no. 8, pp. 614-627, Aug. 1992.

978-1-4244-6034-2/10/$26.00 ©2010 IEEE

Authorized licensed use limited to: IEEE Editors in Chief. Downloaded on May 10,2010 at 09:02:45 UTC from IEEE Xplore.  Restrictions apply. 



93DIGEST OF TECHNICAL PAPERS  •

ISSCC 2010 / February 8, 2010 / 5:00 PM

Figure 4.10.1: Companding SC discrete integrator with timing diagram for the
control signals. 

Figure 4.10.2: 802.11a WLAN receiver gain distribution for 6 Mb/s rate and 3
input signal levels at -82dBm, -51dBm and -30dBm.

Figure 4.10.3: Signal-to-distortion ratio for single-tone (2MHz) and 2-tone
(4.6MHz and 5MHz) tests vs. input signal power in dBm.

Figure 4.10.5: Single-tone test (2MHz) output voltage waveforms before and
after expansion at an input signal power of -4.4dBm. Figure 4.10.6: Performance summary.

Figure 4.10.4: Output frequency spectrum for a 2-tone test (4.6MHz and 5MHz)
at an input signal power of -7dBm.
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Figure 4.10.7: Die photograph.
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