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Abstract—This paper presents design and experimental results of a second-order, discrete-time, quadrature band-pass Σ∆
modulator targeted for wireless body area networks. The nonconventional architecture locks the intermediate frequency (IF)
to the sampling frequency. Measurement results collected from
a CMOS 0.18-µm prototype achieves a peak SNR of 55 dB over
100-kHz bandwidth and 40-dB SNR over 2.6-MHz bandwidth for
a sampling frequency of 20 MHz with 1.96 mW power dissipation.
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Second-order quadrature modulator with intermediate injection.

I. Introduction
Wireless Sensor Networks (WSNs) sense, compute and
transmit valuable information in the field of space, buildings,
home, transportations, biometrics, healthcare, etc. Wireless
Body Area Networks (WBANs) sense and transmit biometrical
signals. A typical sensor node in a WBAN should ensure
accurate sensing of the signal from the body, carry out the low
level processing and wirelessly transmit the processed signal
to a central processing unit. A typical example of WBAN is
to sense ECG, EEG, temperature etc, without affecting the
normal life of the patient [1], [2].
For these categories of systems, it is necessary to use
effective low-power short-range communication methods. The
most convenient of them is the low IF receiver architecture.
The receiver section consists of an LNA, an input mixer and,
immediately after, a key part: the data converter. Since the
goal is to achieve ultra low-power consumption, it is worth
using quadrature band-pass solution, [3], as they can provide
superior performance compared to a pair of real band-pass
Σ∆ modulators, [4], of the same order. Indeed, a quadrature
band-pass Σ∆ modulator efficiently realizes asymmetric noise
shaping thanks to its complex filtering embedded in the loop.
This paper describes the implementation of a quadrature
band-pass Σ∆ modulator for WBANs. For the target application, the signal-to-noise ratio (SNR) specifications vary with
the signal bandwidth. The required SNR is in the 50 to 60 dB
range for 100-kHz bandwidth and 40 dB or above for 2.6MHz bandwidth with power specification below 5 mW. The
implemented circuit locks the IF at 7.5 MHz for a sampling
frequency of 20 MHz. The presented circuit, fabricated in a
CMOS 0.18-µm technology, fully satisfies the above requirements and achieves an image rejection of about 50 dB.

978-1-4673-5762-3/13/$31.00 ©2013 IEEE

This paper is organized as follows. Section II describes
the proposed second-order quadrature band-pass Σ∆ modulator
architecture. Section III discusses the architectural implementation while circuit design is explained in Section IV. Section
V and VI present the measurement results and the conclusion,
respectively.
II. Proposed Quadrature Band-Pass Σ∆ Modulator
The second-order noise transfer function (NTF), [5], implemented by the proposed architecture is
NT F

=

1 + z−1 k(1 − j) − jz−2

(1)

It has a two zeros at (3 fN /4 + δ) and (3 fN /4 - δ) with IF
locked to 3 fN /4 ( fN = f s /2), being fN and f s the Nyquist and
the sampling frequency, respectively.
The value of δ depends
√
on k and is zero if k = 2. In the case of k = 0, the NTF
becomes 1 − jz−2 , which has zeros at fN /4 and 5 fN /4.
The direct implementation of the above NTF with k , 0 is
shown in Fig. 1. It is a loop of four delay cells processing the
real and quadrature input with two quantizers. It foresees an
extra injection between the two delay cells of addition or subtraction
of the
√
√ quantization errors. The modulator is stable for
− 2 ≤ k ≤ 2. Possible common mode mismatches shift the
zeros but they remain on the unit circle with center frequency
still locked to sampling frequency. Differential mismatches
cause image problem. Obviously, a shift of zeros changes the
noise shaping of the modulator. This design uses k = 1.375.
Fig. 2 shows the NTF zeros placement. Zero analysis shows
that the IF is firmly locked to the sampling frequency even
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Fig. 2. Zeros positions of the designed modulator (k = 1.375) and other
relevant cases (k = 0 and k = ±1.414).
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Fig. 3. Simulated SNR as a function of bandwidth for the ideal second-order
modulator. Inset shows a detail of the signal bandwidth.

if k is deviated from zero to ±1.414 and NTF zeros will be
moved along unit circle symmetrically with respect to IF.
Fig. 3 plots the ideal achievable SNR as a function of the
signal bandwidth normalized to the sampling frequency. Inset
of Fig. 3 shows the signal bandwidth of the modulator when
using four bit quantizers. Simulation results are achieved at the
behavioral level. The scheme satisfies receiver requests even
for a bandwidth up to 13% the sampling frequency.

with two delays that result at outputs alternatively YR1 and
YQ1 , provided that the inputs are alternatively the real and the
quadrature inputs. Accounting for the intermediate injections
yields the scheme of Fig. 5.
The above scheme has been simulated at the behavioral
level in Matlab-SimulinkTM environment. Mismatches between
I and Q paths give rise to tones in the output spectrum of
the modulator at the image position as it happens for any
quadrature solutions. This increases the noise floor in the
signal bandwidth as out of band image noise leaks into the
signal band. A possible gain error between the two paths
generates mirror tones. However, a mismatch as large as 0.5%
gives rise to a mirror tone at (3 fS /8 - δ), as shown in Fig. 6.

III. Architecture Implementation
The circuit implementation of the scheme shown in Fig. 1
uses switched capacitor integrators. Therefore, the first step of
the design is to convert the delay based architecture into an
integrator based solution. For this, let us consider the core part
of Fig. 1, reported in Fig. 4 (a) for convenience. YR1 and YQ1
are the filtered quadrature responses for quadrature inputs XR1
and XQ1 ; ZR1 and ZQ1 are intermediate variables. By inspection
of the scheme, we have
ZR1 (n + 1) = XR1 (n) − YQ1 (n)
ZQ1 (n + 1) = XQ1 (n) + YR1 (n)
YR1 (n + 1) = ZR1 (n)
YQ1 (n + 1) = ZQ1 (n)
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The iterative use of the above set of equations verifies that
Fig. 4(b) realizes the function. It includes two accumulators
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Fig. 5.

Block diagram of the quadrature Σ∆ modulator.
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Fig. 6. Simulated output spectrum of the second-order quadrature modulator
with nominal mismatch.
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This tone is at -63 dBFS and is much higher than what
achieved with realistic mismatches. The image issue and gain
error can be addressed by adding an extra NTF zero at the
image position, [3]. The effect of the operational amplifier (opamp) offset voltage can be emulated by introducing a nominal
constant DC voltage at the input of the integrators. Fig. 6 also
shows large offset voltage (25 mV) tones to outline the limit
at fS /8 and 7 fS /8 modulated by square wave input. However,
the offset is not problematic as the tones fall away from the
signal bandwidth.
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Fig. 7.
Schematic diagram of the voltage comparator. a) Preamplifier.
b) Regenerative latch.
TABLE I
Op-amp performances

IV. Circuit Design
The circuit has been implemented with a 0.18-µm CMOS
technology. The basic blocks are the operational amplifier, the
comparator, the 4-bit flash and the integrator. Each block has
been simulated at the transistor level considering Monte Carlo
analysis.
The operational amplifier is a fully differential two stage
op-amp with RC compensation and discrete time common
mode feedback. Its performances are given in Table I. Monte
Carlo analysis with 100 runs reports a gain always higher than
66.7 dB with a loss of less than 2.8 dB with respect to the
nominal value.
Fig. 7 shows the schematic diagram of the voltage comparator used to build the two 4-bit flash ADCs included in
the modulator. It is a four input fully-differential preamplifier
with a 10-dB gain and continuous time output common mode
control followed by a regenerative latch, [4]. The preamplifier
increases the signal level and limits possible kickback from
the regenerative stage. Voltages VCB1 and VCB2 are generated
by a biasing circuit, not shown. Monte Carlo analysis with
100 runs shows that, with a half-LSB sensitivity, the outputs
are correct in 97% of total cases. The 4-bit flash ADC made
by 15 comparators like the one of Fig. 7 achieves a 3.88 bit
resolution. The simulation is done with a sampling frequency
of 25 MHz and input frequency of about 5 MHz.
The circuital implementation of the schemes of Fig. 5 requires two integrators. They are switched-capacitor differential
schemes. According to Fig. 1 and 5, for each integrator we
have four inputs:

Φ

MR3

Gain

69.5 dB

Slew-rate

30 V/µs

Bandwidth

100 MHz

Phase margin

60 degree

Power consumption

350 µW

the two quadrature input signals (XR or XQ );
the feedbacks coming from the DAC (YR or YQ );
• the feedbacks coming from the output of the other integrator;
• the quantization errors R and Q amplified by k = 11/8.
Since the modulator coefficients are integer multiple of 1/8
(8/8 for inputs and feedbacks, and 11/8 for quantization error),
the capacitors of the scheme use only unity elements Cu .
Accounting for the kT/C limit, the design employs Cu = 100 fF
(the total input capacitance is therefore 800 fF). The DACs
are implemented by means of resistive strings with poly
resistances.
•

•

V. Measurement Results
The chip was fabricated in a 0.18-µm CMOS technology
with five metals, two poly layers and MIM capacitors. Fig. 8
shows the chip micrograph with main blocks highlighted. The
total die are is 1345 µm × 1345 µm. Reference voltages,
generated externally, are 0.6 V and 1.3 V with 1.8-V supply.
Fig. 9 shows the measured output spectrum with 20-MHz
clock and IF = 7.5 MHz. The input signal is at -3 dBFS . A
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Chip microphotograph.

gray line outlines the expected noise shaping. The notches are
filled by the kT/C noise. The chosen value of Cu derives from
requirements of a given SNR and low power consumption
(less than 2 mW). Integration of the noise over 100-kHz
band yields an SNR of 55 dB, while when considering a
2.6-MHz bandwidth, the measured SNR is 40 dB, matching
specifications for body area network communication systems.
The measure of image rejection uses an input signal at
image location and estimates the tone in the signal band.
Fig. 10 shows the result: a 48-dB image rejection for an
input tone at 12.5 MHz, a result in line with conventional
implementations.
Table II summarizes the key performance of the modulator.
This work achieves a figure of merit (FoM), [8], of 131 dB,
calculated as FoM = SNDR + 10log(BW/P), being BW and
P the signal bandwidth and the consumed power, respectively.

prototype, fabricated in 0.18-µm CMOS technology, achieves
a peak SNR of 55 dB over 100-kHz bandwidth and 40 dB
SNR over 2.6-MHz bandwidth for a sampling frequency of
20 MHz with 1.96-mW power dissipation. The measured
image rejection and the obtained FoM are 48 dB and 131 dB,
respectively.

VI. Conclusion
In this paper a second-order quadrature band-pass Σ∆
modulator has been presented. The used non-conventional
architecture retains the advantage of locking the IF to the sampling frequency and has been experimentally evaluated. The
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