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Abstract Interference is a major concern in surface
acoustic wave-less receiver architectures. This paper presents an architectural solution to design a quadrature bandpass RD modulator in presence of interference signals.
These interferences are rejected by using the built-in signal
transfer function (STF) filtering action inside the quadrature modulator. The implementation of the STF filtering is
achieved by means of feed-forward paths and does not
require any additional active blocks. Simulations at
the behavioral level on different design examples verify
the architecture implementation and the effectiveness of
the approach.

1 Introduction
The trend in wireless receiver architectures is to move the
analog-to-digital converter (ADC) towards the antenna,
thus relaxing the requirements placed on analog circuits at
the expense of a more complex digital circuitry. This also
allows more digital integration of analog functions on a
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single chip resulting in a cheaper system. In these architectures, currently, surface acoustic wave (SAW)-less receiver schemes are preferred due to their compatibility with
multiple standards and programmability. However, these
architectures are prone to performance degradation caused
by interference signals like out of band blockers. Indeed, to
suppress those interference signals, conventional solutions
use a bulky, off-chip, high Q, SAW filter which increases
system cost, area and complexity.
State of the art SAW-less receiver architectures mitigate
the interference problems in the RF front-end. Published
schemes use a feed-forward filtering technique between the
down and up-conversion in parallel with the low noise
amplifier (LNA), [1]. The solution reported in [2] removes
interference in the mixer stage by using two-stage analogdigital technique. Interferences can also be rejected in
baseband using built-in low-pass filter, as proposed in [3],
or by means of a reconfigurable cascaded architecture with
spectrum sensing mechanism, [4]. An improved spectrum
sensing mechanism for SAW-less receiver architectures
has been implemented in [5, 6]. The first method [5] reconfigures the architecture in presence of a strong blocker
and the second method [6] dynamically scales the input to
avoid saturation in presence of a blocker signal. The research paper proposed in [7] uses a dual feedback RD
modulator that features a signal transfer function (STF)
with low sensitivity to coefficient variations. Problems and
performance limitations of the modulator due to out of
band blockers are extensively covered in [8]. All the above
receiver architecture incorporate low-pass RD modulator
for baseband processing.
Quadrature band-pass RD modulators, [9], are one of the
best candidates for wireless receiver applications as they
can provide superior performance compared to a pair of
real band-pass RD modulators of the same order. A real
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band-pass RD modulator processes not only the input signal but also the image signal. A quadrature band-pass RD
modulator efficiently realizes asymmetric noise shaping
thanks to its complex filtering action embedded in the loop.
However, quadrature band-pass RD modulators are vulnerable to mismatches in the feedback paths consisting of
digital-to-analog converters (DACs). The mismatch causes
mainly the following effects:
(1) Leakage of quantization noise from image band to
signal band causing increased noise floor in the band of
interest.
(2) Possible interference signal in the image band can
leak into the signal band, thus possibly masking the desired
signal depending on the power of the interference signal
and vice-versa.
Figure 1 graphically shows the effects of mismatches
and interferences for quadrature receiver architectures. In
particular, Fig. 1(a) illustrates the general SAW-less
quadrature receiver architecture (which normally includes
a weak filter before the quadrature modulator) while
Fig. 1(b) shows the ideal quadrature operation. Notice that
the worst possible position of the interference signal for a
quadrature modulator is the image band. Non ideal operation of the quadrature modulator is shown in Fig. 1(c),
where quantization error and interference signal can
completely mask the desired signal. In addition,
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intermodulation between the interference signals may leak
into the signal band. A well known solution to solve this
issue, [9], is to place a noise transfer function (NTF) zero in
the image band, thus minimizing the quantization noise in
that frequency range. With reasonable matching, the
leakage of quantization noise can be restricted to negligible
level. However, this NTF zero does not have any effect on
the image signal, which can corrupt the desired signal.
Hence, SAW-less quadrature receivers require high image
reject ratio (IRR). It is just worth noticing that a desired
leakage of the signal into the image band does not represent
a problem.
One of the significant researches done for STF-based
continuos-time quadrature RD modulators is reported in
[10]. The architecture uses optimized feed-back and feed
forward paths for low IF architectures. The paper proposed
in [11] discusses the basic idea of STF–NTF based
quadrature modulators.
This paper presents comprehensive analysis for interference cancelation in quadrature RD modulators. The
proposed nth -order STF–NTF architecture clearly explains
the leakage issues with quantization noise and interference
signal. A built-in STF filtering action implemented by
means of feed-forward paths and with no need of any additional active blocks reduces the leakage of the interference into the signal band. The effectiveness of the method
is demonstrated in various study cases.
The paper is organized as follows. Section 2 introduces
STF and NTF constraints for the synthesis of quadrature
modulators with a second order modulator taken as an
example. Section 3 derives the generic STF–NTF architecture and discusses problems with interference tones at
image band and their possible solutions. Behavioral
simulation results on different study cases are also provided. Finally, Sect. 4 draws some conclusions.
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Fig. 1 Down-conversion in low intermediate frequency receiver with
a non-ideal mixer. a Quadrature receiver architecture; b ideal
quadrature output spectrum with noise shaping function; c leakage
of interference band to signal band due to paths mismatch inside
quadrature modulator

123

As mentioned, one of the main concerns in the quadrature
receiver block is the interference tones at image location.
Figure 2 shows the graphical illustration of the proposed
solution to enhance the IRR and to limit the in-band
quantization noise leakage. The method consists in providing STF zeros in the image band to attenuate the interference signals and placing one or more NTF zeros in
the same band to reduce the quantization noise leakage
toward the signal band. The combination STF and NTF
zeros in the image band significantly improves the IRR
performance.
An NTF, [12], with zeros on the unity circle at the positions ej/i ; i ¼ 1; . . .; n is
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STF1 ¼ j  Fð1 þ jÞz1 þ z2
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Fig. 2 Proposed solution to reduce interference in quadrature bandpass RD architectures

NTF ¼
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ð1Þ

With zeros on the unity circle, the last term has modulus
one and phase that is the sum of the phases of all the zeros.
The method developed in [12] and in this paper limits the
Pn
zeros positioning to situations for which
i /i ¼
0; p=2; p; 3p=2 or, correspondingly, the last coefficient of
(1) is 1; j; 1 or j. For n ¼ 2, it is possible to implement
the following NTF and STF for intermediate frequency (IF)
at 3fN =4, being fN the Nyquist frequency
NTF1 ¼ 1 þ z1 kð1  jÞ  jz2

ð2Þ

STFd ¼ z2

ð3Þ

ð5Þ

where F controls the two STF zeros position. STF1 has two
zeros at ð7fN =4  dÞ. The value of d depends on F and is
pﬃﬃﬃ
zero if F ¼ 2. For F = 0, STF1 becomes ðj þ z2 Þ, which
has zeros at fN =4 and 5fN =4. Note that the design achieving
NTF1 (Eq. 2) resulted in a STF equal to z2 , which is the
last term of the targeted STF1 . The missing terms can be
derived using feed-forward paths.
Figure 3 shows the synthesized architecture achieving
NTF1 and STF1 . Second-order quadrature modulators are
stable against mismatches and wide range of coefficient
tolerance compared to higher order modulators. Figure 4
gives the STF1 and NTF1 plots with parameters F and k
ranging in the [1.3, 1.4] interval for a tunable STF–NTF
based quadrature modulator. Coefficient k controls the
signal-to-noise (SNR) signal bandwidth trade-off, whereas
F trades the interference rejection effectiveness with the
interference bandwidth. Since STF coefficient F is implemented using feed-forward path, STF–NTF coefficients
can be controlled independently. For higher order
modulators, multiple zeros placement control with a single
coefficient is not possible. Therefore the tunable range is
limited.

k( R+ Q)

where the single coefficient k controls the two NTF zeros
used to suppress the noise in the signal band, whereas STFd
offers a simple delay. Since the shaping of the STF can be
advantageous, the method described in this paper achieves
the same NTF but provide flexibility in the STF design.
The methodology developed in this paper for the derivation
of STF is based on the properties of multiple complex
equations to the same roots. Possible STFs with zeros on
the unit circle at positions ej/i ; i ¼ 1; . . .; n are
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Fig. 3 Second order quadrature band-pass RD architecture for
NTF1 ¼ 1 þ z1 kð1  jÞ  jz2 with IF ¼ 3fN =4 and STF1 ¼
j  Fð1 þ jÞz1 þ z2
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The general solution of (4) is similar to the one of (1), but
with no constraints since STF coefficients are implemented
P
using feed-forward paths. However, having that ni /i ¼
0; p=2; p; 3p=2 results in a simpler architecture. For example, for n = 1, it gives rise to four possible NTF and STF
zeros. However, interference rejection from first order STF
and signal band noise suppression from first order NTF is
limited. Rejection of wide interference band requires a
higher order filter. For n = 2, one of the possible second
order STF able to reduce the interferences around 7fN =4 is
given by
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Fig. 4 STF and NTF plot of the architecture shown in Fig. 3
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frequency 7fN =4. The tone located at 3fN =4 is due to the
leakage of the signal band into the image band. Noise floor
in the signal band is raised due to the leakage of noise from
image band to signal band. Figure 6 shows the output
spectrum of the modulator with STF1 –NTF1 shown in
Fig. 3. Noise floor in Fig. 6 appears to be reduced due to
STF gain in the signal band, which is normalized to 0 dB.
Notice that interference tone is reduced by almost 40 dB
thanks to the STF based filter action. Note that the STF
filter does not process quantization noise and, hence, noise
floor is still visible in the signal band.

Figure 5 shows the output spectrum of the modulator
with STFd -NTF1 (simulated at the behavioral level in
Matlab-SimulinkTM ) for an exaggerated 5 % (normally
mismatches are less than 1 %) mismatch in the feedback
paths. An additional interference tone is injected at
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nth -order NTF architecture shown in Fig. 7. Modes (a) and
(b) originate NTFs of type (zn þ     j), whereas modes
(c) and (d) give rise to NTFs of type (zn þ     1).
Ki ; Hi ; Wi ; Zi are the coefficients used for the required NTF,
whereas Fi ; Gi ; Li ; Mi are used for STF. From a possible
circuital implementation point of view, each delay can be
implemented with an amplifier; however, implementation
of an nth -order STF requires an adder block before the
quantizer. For a single-bit quantizer, a passive adder implementation can be suitable. On the contrary, multi-bit
quadrature modulators with nth -order STF require an additional active adder. It is then more convenient to use an
ðn  1Þth -order STF architecture if power reduction is a
concern.
The following study case uses a fourth order quadrature
NTF with one zero in the image location and remaining
zeros in the signal band with reconfigurable second or
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modulator of Fig. 3 with STF-filtering action
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third-order STF to enhance the image rejection performance. The considered NTF and STFs are as follows:
NTF2 ¼ 1  ja1 z1  ja3 z3  z4
1

STF2 ¼ z ½1  jb11 z

1

gain of 11 dB and 18 dB for the second and third-order
STF, respectively. Hence, the desired input should be
adequately scaled to avoid saturation. Figure 8 also gives
the image rejection: 35 dB for STF2 and 64 dB for STF3 .
The performance are summarized in Table 1.
The possible implementation of the above fourth-order
RD modulator with IF at fN =2 is shown in Fig. 9. The
scheme is achieved with the above design steps with coefficients H1 ¼ H3 ¼ W1 ¼ W3 ¼ 1:932; G1 ¼ L1 ¼ F2 ¼
M2 ¼ 2:932 and G11 ¼ 1:97. The architecture incorporates
a reconfigurable second (switches B closed) or third order
(switches A closed) STF image reject filters.
Figure 10 shows the output spectrum with 1 % mismatch
in the feedback path for the modulator of Fig. 9 without
STF filter. The scheme uses a four-bit quantizer. An interference tone of magnitude equal to 0 dB is injected at
frequency equal to fN =2. Quadrature input signal is applied at IF ¼ fN =2 þ d. The NTF2 zero located in the image
band limits the quantization noise leakage into the signal
band. The undesirable tone at fN =2 is due to the leakage of

ð6Þ

2

þz 

ð7Þ

STF3 ¼ j  b1 z1  jb2 z2 þ z3

ð8Þ

Figure 8 shows the comparison of magnitude response
for the above NTF and STFs. Coefficients for NTF2 are
a3 ¼ a1 ¼ 1:932, while STF2 and STF3 use b1 ¼ b2 ¼
2:932 and b11 ¼ 1:97. Notice that the input signal has a
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Table 2 Image rejection achieved by means of STF filtering for an
image rejection bandwidth of fS =12 in case of 1 % mismatch
STF filter order

IRR (dB)

Second

85

Third

[ 100

the image interference band into the signal band due to the
mismatch. 1 % mismatch results in an image rejection of
46 dB. This weak image rejection is not acceptable for
SAW-less receivers applications. Figure 11 shows the
output spectrum of the modulator with the built-in STF3
filter. There is no interference image tone in the signal band
as the achieved image rejection is more than 100 dB. When
using the built-in STF2 filter, the image rejection is 85 dB.
Table 2 summarizes the achieved performance.

4 Conclusion
This work presented an architectural solution for interference rejection in quadrature band-pass RD modulators for
SAW-less receiver schemes. Placing STF zeros in the image band strongly reduces leakage of interferences into the
signal band. The implementation of the STF filtering action
does not require any additional active block since it is
achieved by means of feed-forward paths. The power
consumption requirements are, hence, only marginally increased due to the additional load capacitances. The proposed solution is suitable for SAW-less switchedcapacitors receiver architectures where the sampling frequency is within few hundreds MHz. For higher sampling
frequencies, a continuous-time implementation should be
preferred in order to optimize performance tradeoff.
Simulation results at the behavioral level on different study
cases verified the effectiveness of the presented technique.
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