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ABSTRACT This article presents a multi-receiver cross-correlation technique for (B)FSK receivers, tar-
geting wireless sensor network applications. Here, multiple receiver outputs are pair-wise cross-correlated
and the correlated output samples are averaged to lower the noise floor at the receiver output. Compared
to a two-receiver cross-correlation, multi-receiver cross-correlation generates more cross-correlated output
samples in a given time. Hence it requires a shorter measurement time for a desired noise floor reduction
and facilitates a higher data rate for (B)FSK operation. Compared to a single receiver, it improves the
linearity and the harmonic interferer tolerance using passive splitters and different LO frequencies in the
receiver paths respectively. These theoretical insights are verifiedwithmeasurements for the first time using a
2- and 3-receiver cross-correlation in a BFSK receiver. Operating at 1GHz and with a data rate of 200 kbps,
the demonstrator, using sub-mW mixer-first receiver front-ends for power efficiency, achieves −102 dBm
sensitivity and >40 dB rejection for both narrow and wideband harmonic interferers without any RF filters.

INDEX TERMS Cross-correlation, mixer-first receiver, passive mixer, BFSK, noise reduction, low power,
interferer-robustness, harmonic rejection, wireless sensor network.

I. INTRODUCTION
Cross-correlation (XC) can be used as an energy detec-
tion technique that mitigates noise uncertainty in spectrum-
sensing CMOS receivers, targeting cognitive radio
applications [1]–[4]. In this technique, the outputs of two
receivers, receiving the same RF input, are cross-correlated
with each other, as shown in Fig. 1. When a large number of
cross-correlated output samples is averaged, the uncorrelated
noise contributions of the two receivers average out to zero,
leaving the correlated signal with a lower noise floor at
the correlator output. Thus, the effective Signal-to-Noise
Ratio (SNR) improves after XC and facilitates signal detec-
tion even in a low-SNR environment. Additionally, passive
attenuators can be used at the receiver input to improve its
linearity and dynamic range, as the resulting noise can be
recovered using XC [2], [5]. Despite the increased power
consumption, XC is an attractive option to improve the
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receiver performance in scenarios where circuit techniques
“hit the SNR wall [6],” owing to its orthogonality to those
techniques [5].

Recently, we proposed to use XC for data-communication
in receivers targeting wireless sensor networks [7], [8].
Among digital modulation schemes, Frequency Shift Key-
ing (FSK) is chosen as it can be demodulated using the energy
detection principle in the frequency discriminator [8], [9].
As seen in Fig. 2, the received Binary-FSK (BFSK) signals
can be demodulated non-coherently by detecting and com-
paring the signal power in the frequency bins corresponding
to transmitted ‘0’/‘1’ binary data. Such signal detection in
FSK discriminators can be improved through XC technique.
We demonstrated this in [7], [8] through theoretical calcula-
tions and MATLAB simulations.

The SNR improvement due to XC, in general, increases
with the number of cross-correlated output samples aver-
aged at the expense of measurement time [2]. Since the
measurement time in BFSK receivers is constrained by its
data rate, the SNR increment due to XC is limited [7].
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To overcome this trade-off, we proposed ‘multi-receiver XC’
that uses more than two receiver paths (or simply ‘2-paths’)
to generate more cross-correlated output samples in a given
time [4], [8]. The effect of multi-receiver XC on the bit
error rate of BFSK receivers is mathematically analysed
in [8], but without experimental verification. In this work,
we implemented the multi-receiver XC technique in a BFSK
receiver using state-of-the-art sub-mW front-end, designed
for IoT applications [10] and evaluated experimentally the
improvement in sensitivity and harmonic interferer tolerance
of the receiver. We also show that multi-receiver XC con-
sumes less energy to generate the same number of useful
cross-power spectrum samples than a two-path XC. Besides
FSK receivers, the proposed multi-receiver XC can be used
in applications such as dynamic spectrum sensing, direction
finding, and radio-interferometry [2]–[4], [11].

The article is organized as follows. Section II discusses
the multi-receiver XC technique and its application to BFSK
receivers. Section III describes the experimental set-up used
formulti-receiver XC,while Section IV presents themeasure-
ment results. Finally, conclusions are presented in Section V.

FIGURE 1. A 2-path cross-correlation technique [2] using
‘M’ time-windows to generate ‘M’ correlated output samples.

II. MULTI-RECEIVER CROSS-CORRELATION
A cross-power spectrum, Cxc, contains both the correlated
signal-and-noise and uncorrelated noise contributions of the
two receivers. It has been shown that averaging ‘M ’Cxc sam-
ples reduces the uncorrelated noise power at the correlator
output asymptotically by a factor of 1/

√
M [1]. This means

the XC improves the SNR by about 1.5 dB when the number
of averaged Cxc samples is doubled. As shown in Fig. 1,
the Cxc samples are generated by repeatedly applying the
time-windowed FX-correlator 1 on the incoming receiver sig-
nals at the expense of longer measurement time and narrower
bandwidth and hence, lower date [2], [3], [7]. For example,
reference [2] reported about 12 dB improvement in the SNR
at the output of a 2-path cross-correlated receiver by increas-
ing the measurement time by a factor of 273 (273 ≈ 28 ;
8× 1.5 = 12 dB).

Alternatively in [8], we increased the number of
cross-power spectrum samples by increasing the number

1In an FX-correlator, the input samples are frequency transformed
(F) before conjugate multiplication (X). It is the other way around in an
XF-correlator [2].

FIGURE 2. A typical non-coherent BFSK receiver using an FFT-based
demodulator.

of receivers used in the XC, as shown in Fig. 3. When ‘k’
(k > 1) receivers are pair-wise cross-correlated simultane-
ously,

(k
2

)
cross-correlated output samples are available in a

single time-window. In this way, more cross-power spectrum
samples are generated without compromising on measure-
ment time and thereby enabling increased data-rate operation
in (B)FSK receivers. To understand the power-efficiency
of multi-receiver XC, let us assume each receiver, FFT,
conjugate-multiplication, and averaging operation consumes
a power of PRX, PFFT, PMAC, and PA respectively. The
total power consumption in a ‘k’-receiver path XC can be
given as,

PXC,k = k (PRX + PFFT)+
(
k
2

)
PMAC + PA (1)

Often, receivers and FFTs consume significantly more
power than other digital circuits in typical XC receivers [2],
[3], [5], [8]. Hence, we assume here that PRX + PFFT �
PMAC + PA. For small k , this simplifies (1) into

PXC,k ≈ k (PRX + PFFT) = kPavg,1 (2)

where Pavg,1 , PRX + PFFT is the average power consumed
in single receiver path in multi-receiver XC implementation.
The average power spent to generate one Cxc sample is

PXC,avg '
kPavg,1(k

2

) =
2Pavg,1
k − 1

(3)

As the number of receiver paths, k , increases, the average
power spent to produce one Cxc sample reduces (Fig. 4).
Hence, for more Cxc samples, it is more energy efficient
to increase the number of receiver paths in the XC than
increasing the number of time-windows of an FX-correlator
in a 2-path XC, provided the Cxc samples are sufficiently
uncorrelated [8].

In a BFSK receiver, XC reduces the required SNR at the
output of each receiver to demodulate with a certain bit error
rate (BER), assumed in this paper to be 10−3 [7]. Using
the mathematical model developed in [8], the SNR bene-
fit of multi-receiver XC in a BFSK system was estimated.
Simulated results are presented in Fig. 5, where the noise
in the receiver paths is assumed to be fully uncorrelated.
As shown in the figure, increasing the number of receiver
paths and/or time-windows in the FX-correlator will reduce
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FIGURE 3. An overview of a multi-receiver cross-correlation technique.

FIGURE 4. Average power consumption for one Cxc sample vs. number of
receiver paths in XC, calculated using (3).

the required SNR for BFSK demodulation. By generating
more Cxc samples per time-window, 3-path and 4-path XCs
use fewer time-windows to achieve the desired SNR perfor-
mance than 2-path XC. For a more detailed analysis on the
influence of multi-receiver XC on BFSK receivers, readers
are kindly referred to our previous work [8].

The SNR improvement with XC could degrade because
of signal decorrelation and noise correlation in the receiver
paths [1], [4]. The correlated noise in the receiver paths
defines the minimum achievable noise floor at the XC output.
Hence receivers should be sufficiently isolated from each
other to reduce their noise correlation and sufficiently identi-
cal to reduce signal decorrelation [2], [8].

III. CROSS-CORRELATION BASED BFSK RECEIVER SET-UP
We will first experimentally verify the benefit of using
2-path XC in a BFSK receiver and then the effect of using
multi-receiver XC technique.

FIGURE 5. Required SNR at the output of each receiver for BFSK
demodulation with 10−3 BER vs. the number of time-windows used in
FX-correlator based on simulations.

The experimental set-up used for this demonstration is
shown in Fig. 7. The RF input is fed into multiple receiver
paths using power splitters, instead of using resistive dividers
as in [2]. Power splitters are preferred here for following rea-
sons. First, low-power passive mixer-first receiver front-ends
are used here for XC. Since they have no reverse isola-
tion, the passive mixer-first front-ends require isolators at
its inputs to reduce noise correlation. The resistive dividers
provide limited isolation between the front-ends connected
to their output terminals [5]. Hence, using resistive dividers
would increase the correlated noise floor at the output of the
front-ends and degrades the noise figure post-XC. Resistive
dividers also prohibit the use of distinct LO frequencies
in the mixer-first front-ends and thus no harmonic rejec-
tion improvement [5]. Hence, off-chip power splitters are
used here for isolating mixer-first front-ends. By providing
50� impedance at its output terminals, power splitters also
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FIGURE 6. Experimental set-up of a 3-receiver XC based BFSK receiver.

FIGURE 7. A fully-passive sub-mW mixer-first receiver front-end [10].

facilitate impedance matching at the input of mixer-first
front-ends [10]. Please note that the power splitters can be
avoided if receivers with high input impedance are used for
XC, instead of mixer-first front-ends [5]. Each splitter in
the multi-receiver XC technique provides an insertion loss
of ∼1 dB and 20 dB isolation between its output ports.
Since the input signal splits evenly between its output ports,
each splitter provides 4 dB loss (3 dB + 1 dB insertion
loss) in the signal path. This translates to 8 dB attenuation
in each receiver path in this demonstrator. Such signal atten-
uation lowers the distortion components in the receiver and
makes the receiver more interferer-robust, while noise can be
recovered by multi-receiver XC. As such, multi-receiver XC
improves the overall dynamic range of the receiver [2], [5].

Behind the splitters, each path uses a mixer-first receiver
front-end that we proposed in [10]. As shown in Fig 7,
the front-end employs a 4-path differential bottom-plate fil-
ter/mixer with RF capacitors (CR) and baseband capacitors
(CB) and an off-chip step-up transformer [10]. The filtered

RF voltage in the differential 4-path filter is sensed from
the bottom-plate terminals N1−8 of the CR capacitors for
down-conversion. Thanks to implicit capacitive stacking, this
results in a passive voltage gain of 6 dB at the baseband out-
put [10]. Implemented in a 22 nmCMOS FDSOI process, this
fully-passive RF front-end achieves 14 dBV-V gain, 5 dBNF,
and +25 dBm IIP3 while consuming only 0.6mW at 1GHz
LO frequency. Such low power consumption is the reason for
using this front-end in this multi-receiver XC demonstrator.

The I/Q baseband outputs from the front-end are 20 dB
amplified by an external amplifier (LeCroyAP033). It is fol-
lowed by a passive low-pass filter with 5MHz bandwidth for
anti-aliasing. An oscilloscope (Teledyne HDO6054A-MS)
with built-in ADCs is used to convert the baseband
signals into digital outputs. Implemented in MATLAB,
the DSP comprises FX-correlators and an FSK demodulator.
FX-correlators are used here for their low implementation
complexity, compared to XF-correlators [2]. The demodula-
tor compares the energy in the relevant frequency bins of the
cross-power spectrum to decode the input data.

Each receiver path from power splitter to ADC provides
34 dB voltage gain and exhibits an output noise floor with
a power spectral density of −130 dBm/Hz, shown in Fig. 8.
With 8 dB splitter loss, this translates to a ∼14 dB noise
figure for each individual receiver. Thanks to >20 dB isola-
tion, noise correlation between the receivers can be approx-
imated as 1/F , where F is the noise factor of a single
receiver (Appendix A). Since each receiver path exhibits
14 dB noise figure, this translates to a noise correlation ratio
of ∼0.04. Such noise correlation would limit the reduc-
tion in the required SNR at the output of each receiver for
10−3 BER to 2.6 / 4.4 / 5.4 dB for single time-windowed
2 / 3 / 4-path XCs, respectively [7, Fig.6]. Since the addi-
tional SNR improvement is only 1 dB between 3-path and
4-path XC, the 3-path XC is chosen here as an optimum
in the trade-off between SNR improvement and power
consumption.

IV. MEASUREMENT RESULTS AND DISCUSSION
The insertion loss of cables is de-embedded from all the mea-
surement results, while that of the splitters remains included.
All receivers use an LO frequency of 1GHz unless specified
otherwise. In all measurements, both the auto-correlator (for
single RX) and the FX-correlator are operated for only one
time-window to keep the measurement time as short as pos-
sible. This results in one and three Cxc samples from 2-path
and 3-path XC, respectively.

A. SENSITIVITY PERFORMANCE
A BFSK signal with a data rate of 200 kbps and a frequency
spacing of 400 kHz is applied at the input. It is modulated at
a carrier frequency of 1.003GHz so that the down-converted
IF at 3MHz will not be influenced by the flicker noise of the
baseband amplifiers (Fig. 8). Sensitivity, defined as the input
power for which the receiver achieves a 10−3 BER, is mea-
sured for three different scenarios and the results obtained are
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FIGURE 8. Measured power spectral density at the ADC output with no
RF input.

FIGURE 9. Measured and calculated BER vs input power for individual
receivers (RX1, RX2, RX3), 2-path XC (XC2), and 3-path XC (XC3).

presented in Fig. 9. In the first scenario, where receivers with
splitters are individually measured, all 3 receivers achieve a
sensitivity of−98.0 dBm through autocorrelation. In the sec-
ond scenario, when two receivers are cross-correlated (XC2),
the system achieves a sensitivity of−100.5 dBm, showing an
expected 2.5 dB improvement compared to a single RX with
the same single time-window operation. The calculated and
measured BER is shown in the figure for comparison. The
measured BER results are within a 0.5 dBmargin of the calcu-
lated values, respectively, see Section II. In the third scenario,
where 3-path XC (XC3) is used, an additional 2 dB improve-
ment in sensitivity is expected based on the calculations
for single time-window operation. Accordingly, the measure-
ment reports a −102.0 dBm sensitivity, a 1.5 dB and 4.0 dB
improvement compared to XC2 and a single receiver, respec-
tively. Thus in a low-SNR environment, multi-receiver XC
provides the flexibility to combine multiple receiver outputs
for better signal detection.

B. HARMONIC REJECTION PERFORMANCE
Using different LO frequencies in each receiver path,
XC has shown to improve the harmonic rejection

TABLE 1. Input and output spectrum of 3 BFSK receivers for harmonic
rejection measurement.

performance [12], [13]. To evaluate this benefit here, a BFSK
signal (fRF,w) at a carrier frequency of 1004MHz and a
−50 dBm sinusoidal interferer (fRF,int) at 3004MHz are
applied at the receiver input. The LO frequencies of the
receivers are chosen such that the interferer coincides with
the desired BFSK signal in one of the paths after down-
conversion, as indicated in Table 1. The frequency offsets
between the receiver outputs due to different LOs are cor-
rected before XC in the digital domain [13]. For the given
LO frequency selection, RX1 and RX3 are less affected by
3rd harmonic mixing, whereas RX2 deteriorates drastically
since the interferer falls exactly on the desired signal after
down-conversion with a 1000MHz LO. As shown in Fig. 10,
RX1 and RX3 achieve a reduced sensitivity of −93 dBm
due to limited interferer rejection at its baseband, whereas
RX2 fails, even upto an input power of −83 dBm. When
the RX2 output is cross-correlated with other receivers,
the harmonic interferer tolerance improves significantly. The
receiver achieves a sensitivity of −88 dBm and −92 dBm
with 2-path and 3-path XC, respectively, even in the

FIGURE 10. Measured sensitivity at fLO = 1 GHz of the RX1, RX2, RX3,
XC2, and XC3 in the presence of a 3rd harmonic sinusoid interferer at
3004 MHz with Pint = −50 dBm.
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presence of a −50 dBm harmonic interferer. Using 3-path
XC, the receiver can tolerate a >40 dB stronger harmonic
unmodulated interferer.

The degradation due to a narrow-band harmonic interferer
can be overcome by using only the uncorrupted receivers
(RX1 / RX3). However, it is difficult to identify the uncor-
rupted receivers without prior knowledge of the received
data. Further, if the interferer is wideband with time-varying
center frequency, then using the “best available RX” is not
an optimal solution. This is because each frequency bin,
corresponding to the desired input, in all three receivers can
be corrupted, at least in part, by harmonic interferers. Thanks
to different LO frequencies, the interferer contributions in
these frequency bins remain uncorrelated. Hence, when these
corrupted frequency bins are cross-correlated, the uncorre-
lated interferer content in those bins will be averaged out,
similar to noise in those frequency bins. To verify this feature,
a −50 dBm QPSK-modulated interferer with 8MHz band-
width, centered at 3GHz, is applied at the receiver input.
LO and the input signal frequencies remain unchanged com-
pared to the previous scenario. The 8MHz BW is sufficient
to corrupt the desired signal for all the three receivers after
down-conversion. Similar to earlier scenarios, the sensitivity
of individual receivers, XC2, and XC3 are measured and pre-
sented in Fig. 11. As seen in the figure, XC2 and XC3 achieve
3 dB and 7 dB better sensitivity than the individual receivers,
similar to the improvement in Fig. 9 for noise. This validates
the benefit of XC in the scenarios with uncertain and wide-
band interferers.

FIGURE 11. Measured sensitivity with and without cross-correlation in
the presence of a QPSK interferer at 3 GHz with Pint = −50 dBm.

C. DISCUSSION
The experimental results in this section validate the benefits
of the XC technique in BFSK receivers. Using 3-receiver
XC, a 200 kbps BFSK receiver reduces its noise floor at the
output of the FX-correlator by 4 dB and tolerates a 40 dB
stronger harmonic interferer at no expense of measurement
time, as in [2]. However, such improvement comes at the

cost of power and area due to multiple receiver paths and
DSP blocks. Implementing the DSP in an advanced CMOS
process with optimal number of bits and FFT points [2], [8]
and using low-power receivers [14] would lower the power
consumption significantly. On-chip power splitters and oscil-
lator pulling [15] might provide a challenge that should be
further explored for realizing single chip implementation of
multi-receiver XC. Though power splitters degrade the noise
figure of the receiver, precisely 8 dB, it improves the lin-
earity and harmonic interferer tolerance of the receiver con-
siderably. Since 3-path XC partially compensates the noise
degradation (4 dB), the overall dynamic range of the receiver
is improved in this implementation. As such, XC allows for
the possibility of a flexible receiver-cluster that could achieve
better reception in a crowded low-SINR environment than the
individual receivers. In better SNR scenarios, the XC can be
switched off and the receivers can be untethered either for
individual reception or turned off to save power.

V. CONCLUSION
This article demonstrates the application of XC in BFSK
receivers. XC using two receivers lowers the required SNR
at each receiver output for BFSK demodulation at the
expense of measurement time and power. Multi-receiver
XC reduces this measurement time by doing pair-wise XC
of multiple receiver outputs concurrently, while consuming
less energy than a 2-path XC for given detection perfor-
mance. Using distinct LO frequencies in each receiver path,
the multi-receiver XC can tolerate large narrow andwideband
harmonic interferers. This is demonstrated using a 3-path
XC based BFSK receiver with state-of-the-art 22 nm FDSOI
front-ends. A 4 dB noise floor reduction at the receiver output
and a −92 dBm BFSK signal reception in the presence of
−50 dBm harmonic interferer (both narrow band and wide-
band) are verified. In summary, XC technique seems a viable
option for achieving interferer-robustness in low-power
receivers.

APPENDIX A
RELATIONSHIP BETWEEN THE NOISE CORRELATION
COEFFICIENT AND THE NOISE FACTOR
Let us first define the noise parameters before calculating
noise correlation coefficient, ρ.

• nx is a random variable representing the circularly sym-
metric complex Gaussian (CSCG) noise that is added to
all the receiver paths at the input as a shared noise, where
nx ∼ CN (0, σ 2

x ) [8];
• nc,i is a random variable representing CSCG noise added
only to the ith receiver path, where nc,i ∼ CN (0, σ 2

c );
• Noise added in the receiver paths are considered to be
uncorrelated with each other. Hence, their covariance,
Cov(nc,i1 , nc,i2 ) = 0,∀i1 6= i2;

• The shared noise and the receiver noise are
assumed to be uncorrelated with each other. So,
Cov

(
nx , nc,i

)
= 0,∀i;
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• nt,i represents the total noise in the ith receiver path:
nt,i = nx + nc,i. Thus, nt,i ∼ CN (0, σ 2

n ) where
σ 2
n = σ

2
x + σ

2
c .

The noise correlation, ρi1,i2 between the total noise in the
receiver paths, i1 and i2 for i1 6= i2 can be given as

ρi1,i2 ,
Cov(nt,i1 , nt,i2 )√
Var(nt,i1 )Var(nt,i2 )

=
E((nx + nc,i1 )(nx + nc,i2 )

∗)√
(σ 2
n )(σ 2

n )
=
σ 2
x

σ 2
n
,

where * denotes complex conjugation. Since ρi1,i2 is identical
for all pairs, we can write ρi1,i2 = ρ,∀i1 6= i2.
The noise factor is defined as the SNR at the system input

(the shared noise) divided by the SNR at the system output
(total noise):

F ,
SNRi

SNRo
=

1/σ 2
x

1/σ 2
n
=
σ 2
n

σ 2
x
=

1
ρ
.
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