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Fig. 14. Spectrum estimates for a tone at 0.5GHz with +2dBm of power
and fw = 250kHz and fw = 500kHz.

TABLE IV

INTEGRATING MIXER SAR MEASUREMENT SUMMARY

TABLE V

INTEGRATING MIXER SAR POWER SUMMARY

maximum converter resolution. A maximum INL of 3.4 LSB
reduces the converter resolution by 2.06 bits, resulting in a
maximum resolution of 7.8 bits with −6.85dBFS input.

B. Spectrum Estimation and Linearity

The measured power spectrum of a tone at 0.5GHz with
an input power of +2dBm is illustrated in Figure 14 for
fw = 250kHz and fw = 500kHz. The LO frequency is
swept over 250kHz intervals, which shows spreading of the
input signal. The side-lobe oscillations are nearly completely
suppressed, which is expected as the Hann window function
achieves > 30dB side-lobe rejection. As shown in Table IV
and illustrated in Figure 15 for fw = 250kHz, the measured
frequency range is 1.25GHz while the average DR is 27.9dB
for fw = 250kHz and 25.7dB for fw = 500kHz. The
maximum DR is limited by the noise floor, which depends
on the DBW set by fw and the window function. The 2.2dB
reduction in DR from a DBW of 360kHz to 720kHz is slightly
less than the 3dB drop expected. The interference rejection for
a tone at 0.5GHz is measured for fw = 250kHz, which results
in 33.2dB rejection without using any filter in the RF signal
path. There is a constant integration gain associated with each

Fig. 15. DR over 0.5GHz to 1.3GHz for fw = 250kHz.

Fig. 16. 1dB compression for fw = 250kHz.

window frequency, which is proportional to the voltage drop
across capacitive loads.

The input 1dB compression point is +0.2dBm according to
Figure 16 while the total harmonic distortion (THD) for a tone
at 0.5GHz with a power of −0.5dBm is 0.79%. The overall
performance is summarized in Table IV while a breakdown
of the power dissipation is listed in Table V. The total power
dissipation is 878μW, which is 6.7% less than that simulated
for the slow-slow 27◦C corner.

C. Comparisons

In Table VI, the proposed integrating mixer SAR is com-
pared to recent spectrum sensing implementations based on
energy detection [3]–[5], [10], [11] and the original integrat-
ing mixer prototype [9]. In comparison to recent spectrum
sensing implementations, the integrating mixer SAR prototype
achieves greater than 15× reduction in power dissipation and
an average DR of 26.8dB, which is slightly higher than the
average DR of [4]. This leads to the highest DR/P value
of 31.7 − 29.3dB/mW, where DR/P is used to measure the
implementation efficiency. The higher the value of DR/P,
the less power required per 1-dB of DR. The RSSI design
in [5] obtains the second largest frequency range and the
largest DR at 48dB, however, the high DR is only achieved
in the wide-DR mode which covers input powers between
−30dBm to +18dBm where the overall gain is dependent on
the mode of the RSSI detector. The envelope-based imple-
mentation of [11] achieves the widest frequency range and
the second largest DR but has a DBW of 40MHz, which
is much wider than the 6MHz channels in the DTV bands.
The higher power consumption of the STFT implementations
in [3] and [4] are in part due to direct realization of the
STFT (with two double balanced mixers and an integrator)
and the high resolution DAC utilized for the DWG. In order to
match the best receiver sensitivity of −83dBm, the proposed
design would require an analog front end with a LNA and
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TABLE VI

COMPARISON OF SPECTRUM SENSING IMPLEMENTATIONS BASED ON ENERGY DETECTION COVERING THE DTV BAND

Fig. 17. Binary weighted capacitor array.

gain stages that provide a gain of 58dB, which is 9dB less
than [5]. The DBW of the proposed design is limited by the
integrating capacitor size but maintains a respectable minimum
of 360kHz. The proposed design is well suited as the first in a
dual-stage sensing process to quickly identify potential vacant
spectrum for detailed sensing with a method such as feature
detection.

In comparison to the original integrating mixer [9], the inte-
grating mixer SAR prototype decreases the power dissipation
by over 60% while slightly increasing the average DR to
26.8dB. As a consequence, the second prototype achieves a
higher DR/P value of 31.7−29.3dB/mW. The minimum DBW
is improved from 1MHz to 360kHz, however, the frequency
range is reduced to 1.25GHz. The power reduction is due in
part to the reduced maximum tail current of the input differen-
tial pair (1.1mA to 0.356mA) as well as the reduced average
value of the current window function over the integration
period (0.75 · iw,max to 0.5 · iw,max).

VI. CONCLUSION

A full quadrature prototype chip for spectrum sensing was
fabricated in IBMs CMRF8SF 0.13μm CMOS process that
consists of an array of folded mixers combining mixing,
current-domain windowing, integration and SAR A/D con-
version to obtain a digital estimate of the STFT. The design
operates over a frequency range of 0.05 to 1.25GHz, consumes
0.88mW and obtains an average DR of 25.7 to 27.9dB. The
architecture results in the lowest reported power consumption

for mixed-signal spectrum sensing based on energy detection
and includes mixing, baseband filtering and A/D conversion,
which further reduces the overall receiver power dissipation.
Spectral estimates can be obtained in as little as 4.5ms over the
DTV bands. The architecture is well suited for incorporation
within cognitive radio transceivers that target portable IEEE
802.22 applications. The integrating mixer prototype can be
utilized with cooperative spectrum sensing or as the first in a
dual-stage sensing process to quickly identify potential vacant
spectrum for detailed sensing with cyclostationary feature
detection and exceeds the frequency range requirements of
IEEE 802.22 WRAN.

APPENDIX

BINARY WEIGHTED CAPACITOR ARRAY SIMPLIFICATION

In Figure 17, a binary-weighted capacitor array with binary-
scaled resistors is illustrated for an N-bit SAR ADC. The
series impedance of the k-th branch is given by

Zk = R
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2kCs
→ RCs + 1

2kCs
.

The total impedance, ZT , is computed from the branch
impedances in parallel and is given by
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Therefore, the equivalent impedance of a binary-weighted
capacitor array with binary-scaled resistors for an N-bit SAR
ADC is the total array capacitance, CT = ∑

Ck = 2N C ,
in series with R/2N , where C is the unit capacitance.
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