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ABSTRACT In this paper, we design a receiver (RX) for a multi-user multiple-input multiple-output (MU-
MIMO) underlay system in the presence of a strong cyclostationary legacy signal. Each desired signal is
chosen to be a single-carrier signal that exhibits cyclostationarity with the same cycle period as the legacy
signal. If a conventional RX is used that does not take into account the effect of the analog-to-digital
converter (ADC), then the strong interference from the legacy transmitter (TX) may cause quantization noise
to dominate the desired signals from the underlay TXs and severely degrade the reception performance.
To address this issue together with the cyclostationarity of the signals, we propose an ADC-aware RX that
adopts an analog-digital hybrid combiner structure. The analog combiner first suppresses the interference
power to a negligible level through the projection onto an approximate null space of the interference
correlation matrix. Then, it enhances the total power of desired signals by applying the principal component
analysis on the signal correlation matrix. After the output of the analog combiner is sampled and quantized
at the ADCs, the digital combiner generates the linear minimum mean-squared error estimates of the
symbols transmitted by the underlay TXs. During the symbol estimation, it fully exploits the periodic
spectral correlation induced by the cyclostationarity of signals. Simulation results show that our proposed
RX effectively maximizes signal-to-interference-plus-noise ratio and, under certain conditions, approaches
the performance achievable in the absence of the legacy TX.

INDEX TERMS Cyclostationary signal, hybrid combiner, linear MMSE, MU-MIMO, quantization noise,
strong interference, underlay spectrum sharing.

I. INTRODUCTION
The demand for radio spectrum is rapidly growing with
widespread use of the variety of wireless systems [1]. Given
both the limited availability of frequency resources and the
need to effectively support the wireless systems, spectrum
sharing that enables different systems to coexist in the same
frequency band has emerged as an essential strategy [2],
[3], [4]. In this paper, we are interested in non-cooperative
spectrum sharing [5], [6], [7], [8] rather than the cooperative
one [9], [10].

The associate editor coordinating the review of this manuscript and

approving it for publication was Olutayo O. Oyerinde .

In non-cooperative spectrum sharing scenarios, interfer-
ence suppression is crucial for achieving desirable reception
performance [5]. In particular, when an underlay system
attempts to utilize a frequency band already in use by
a non-cooperative legacy system, the underlay receiver
(RX) needs to suppress the interference caused by the
legacy transmitter (TX). The task becomes more challenging
when the legacy system is designed for high-power and
long-range transmission, such as military radar for target
detection and ranging [6], [7], [8] or fixed wireless access
(FWA) for broadband connectivity in rural areas [11], [12].
In such cases, the underlay RX may be exposed to
a strong interfering signal, whose received power is
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significantly higher than those of the desired signals from the
underlay TXs.

Man-made interfering signals often exhibit cyclostation-
arity [13], [14], [15], [16]. When the legacy system is a
digital communication system employing linear modulation
with proper-complex symbols, such as QAM symbols, the
interfering signal received by the underlay RX is better
modeled as a wide-sense cyclostationary (WSCS) random
process rather than a wide-sense stationary (WSS) random
process. The most important characteristic of a WSCS
signal is that it exhibits non-zero periodic correlation in the
frequency domain [14]. By noticing this, [17], [18], [19] have
reported communication- and information-theoretic results
for the spectrum sharing with WSCS legacy signals. In [17],
it is shown that, if an underlay TX transmits a WSCS signal
with the same cycle period as a legacy TX, the underlay
system can share the spectrum without interfering the legacy
system. In [18] and [19], it is also shown that the optimal input
achieving the channel capacity in the presence of a WSCS
Gaussian interference is a WSCS Gaussian random process
with the same cycle period.

In addition to the above results, several studies have
developed optimal transmit and receive filters that exploit
the non-zero spectral correlation of WSCS signals with the
same cycle period [17], [20], [21], [22]. However, they do
not take the effect of the analog-to-digital converter (ADC)
into account when a strong interference is encountered in
spectrum sharing. In practice, the strong interference may
cause quantization noise to dominate the desired signals at the
ADC and severely degrade the reception performance of the
conventional RX [23]. This occurs because the magnitude of
an ADC input signal is usually adjusted by a gain controller
to fit within the quantization range to prevent clipping and,
consequently, the desired signals lose their effective bit
resolutions.

In this paper, we design an ADC-aware RX for a multi-user
multiple-input multiple-output (MU-MIMO) underlay sys-
tem in the presence of a strong cyclostationary legacy signal.
Motivated by the results in [17], [18], and [19], we assume
that the symbol rates of the underlay TXs are matched
to that of the legacy TX. We consider frequency-selective
channels with a moderate number of antenna elements, rather
than a massive number of antenna elements considered in
the millimeter wave (mmWave) band. Hence, the design
is applicable to the centimeter wave (cmWave) band and
other lower frequency bands, rather than the mmWave
band. Our main objective is to accurately approximate the
linear minimum mean-squared error (L-MMSE) estimates of
symbols transmitted by the underlay TXs.

To mitigate the effect of the strong interference on the
ADCs, we propose to adopt at the RX a structure similar to
a hybrid beamformer [24], [25], [26]. It is referred to as a
hybrid combiner structure in this paper and consists of an
analog combiner operating in radio frequency (RF) and a
digital combiner operating in digital baseband. The analog

combiner first processes the output signals of low-noise
amplifiers (LNAs) from multiple antenna elements by using
analog components such as power splitters, phase shifters,
variable gain amplifiers (VGAs), and power combiners.
Then, it passes the combined signal to multiple RF
chains [23], [27], [28], [29], where it is assumed that the
number of RF chains is less than the number of antenna
elements. After the output baseband signals of the RF chains
are sampled and quantized at the ADCs, the digital combiner
processes theADCoutputs by using a digital signal processor.

Such a hybrid structure is widely adopted for reducing
hardware complexities required to implementmassiveMIMO
beamformers in mmWave band [24], [25], [26]. However,
only a few studies have proposed to adopt a hybrid combiner
structure for strong interference suppression by noticing the
ability to pre-process the received signals before they arrive at
the ADCs [30], [31], [32]. In [30], an analog combiner called
analog preprocessing network (APN) performs, jointly with
a digital combiner, the L-MMSE estimation of transmitted
symbols. It is shown that the APN can reduce the dominant
quantization noise caused by the strong interference. In [31],
the L-MMSE weight matrix for the symbol estimation
is decomposed into analog and digital parts, where the
analog part approximates pre-whitening on the correlation
matrix of the received signal. However, the approaches
in [30] and [31] assume that the signals are WSS and the
channels are frequency-flat, which imply that the signals have
time-invariant correlation functions and does not exhibit any
spectral correlation. In [32], a beam design is conducted
using an analog beamformer to generate nulls at the angles
of arrival (AoAs) of strong interference and to make flat at
the other directions. This technique can effectively suppress
the interference and can be shown to be applicable for the
suppression of strong cyclostationary interference. However,
the angular dispersion due to multiple sub-paths within each
cluster, typically considered in multipath propagation [33],
may lead to unintended power loss in the desired signals.

Our analog combiner is designed to maximize a total
signal-to-interference-plus-noise ratio (SINR) of the com-
bined received signals. To maximize the total SINR, it per-
forms the following three tasks. First, it suppresses the
interference power to a negligible level by approximating
the projection onto the null space of the interference
correlationmatrix. Second, after the interference suppression,
it enhances the total power of desired signals by applying the
principal component analysis (PCA) on the signal correlation
matrix. Third, it adjusts the magnitudes of the ADC input
signals to fit them within the quantization range of the ADCs
without clipping. To perform these tasks, we conceptually
decompose the analog combining matrix into three matrices,
design them separately, and then multiply them to construct
a single analog combining matrix.

Our digital combiner is designed to generate the esti-
mates of symbols, given the ADC output signals. We first
present a method for obtaining the L-MMSE estimates of
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FIGURE 1. Block diagram of MU-MIMO underlay system with K underlay
TXs in the presence of a legacy signal.

symbols without considering the quantization noise, and
then numerically analyze performance degradation caused
by the quantization noise. To exploit the periodic spectral
correlation in deriving the L-MMSE solution, we employ
the vectorized Fourier transform (VFT) technique. The VFT
has been employed for scalar-valued functions [17], [20],
[21], and it is shown that the VFT enables the filter design
for a scalar-valued WSCS process to be performed by
using the conventional design method for an equivalent
vector-valued WSS process. In our MU-MIMO system with
interference, we extend the VFT to matrix-valued functions.
Using this approach, our digital combiner well suppresses
the multiple-access interference (MAI) by utilizing the
dimensions obtained from both the multiple RF chains and
the spectral redundancy of WSCS signals. Simulation results
demonstrate that our proposed RX effectively maximizes
the SINR and, under certain conditions, approaches the
performance achievable in the absence of the legacy TX.

The rest of this paper is organized as follows. In Section II,
the signal and systemmodels are described. In Section III, the
analog combiner is designed. In Section IV, the digital
combiner is designed. In Section V, simulation results
are provided. Finally, concluding remarks are offered in
Section VI.

II. SIGNAL AND SYSTEM MODELS
In this section, we present signal models in complex baseband
and provide an overview of the proposed RX structure.

A. SIGNAL MODELS
There is an MU-MIMO underlay system that attempts to use
a frequency band, which is already occupied by a legacy
system. To minimize interference to the legacy system, the
underlay system is assumed to allocate its uplink to the
downlink of the legacy system with low transmission powers
of the underlay TXs. In frequency-division duplexing (FDD),
the underlay system’s uplink frequency band overlaps with
the legacy system’s downlink band, and in time-division
duplexing (TDD), the underlay system’s uplink time slot
overlaps with the legacy system’s downlink slot.

Fig. 1 illustrates the system block diagram in complex
baseband. We assume that the legacy system has one TX and
the underlay system has K TXs, each equipped with a single
antenna. The legacy TX employs linear modulation and emits

a signal xI(t) given by

xI(t) ≜
∞∑

l=−∞

dI[l]uI(t − lT ), (1)

where dI[l] is a sequence of independent and identically
distributed (i.i.d.) proper-complex symbols with zero mean
and unit variance, uI(t) is the impulse response of a pulse-
shaping filter, and T is the symbol period. We assume that the
legacy TX utilizes non-zero excess bandwidth βI > 0 defined
by the relation [17]

BIT =
1+ βI

2
(2)

with bandwidth BI in complex baseband. As well known
in [14], xI(t) is well modeled as a zero-mean proper-
complex WSCS random process with cycle period T , i.e., its
auto-correlation function is a periodic function with period T .
As mentioned earlier, we apply the results in [17], [18],

and [19] and assume that the symbol periods of the underlay
TXs are the same with the symbol period T of the legacy
TX. Hence, we can model the transmitted signal from the kth
underlay TX as

xk (t) ≜
∞∑

l=−∞

dk [l]uk (t − lT ), (3)

for k = 1, 2, · · · ,K , where dk [l] is a sequence of i.i.d.
proper-complex symbols with zero mean and unit variance
and uk (t) is the impulse response of a pulse-shaping filter.
Similarly to the legacy TX, we assume that each kth underlay
TX utilizes non-zero excess bandwidth βk > 0 defined by the
relation

BkT =
1+ βk

2
(4)

with bandwidth Bk in complex baseband, so that xk (t) is also
modeled as a zero-mean proper-complexWSCS process with
cycle period T , for all k . Throughout this paper, we assume
that all the transmitted signals from the underlay TXs have
the same bandwidth, i.e., βk = β and Bk = B, for all
k . Furthermore, we also assume that this underlay system
partially or fully utilizes the frequency band occupied by the
legacy system, i.e., β ≤ βI and B ≤ BI.

The transmitted signals from the legacy TX andK underlay
TXs pass through the frequency-selective channels, and then
arrive at the underlay RXwithNR antenna elements. Let hk (t)
and hI(t) be length-NR impulse responses of channels from
the kth underlay TX and the legacy TX, respectively. Then,
a length-NR received signal y(t) is given by

y(t) ≜ s(t)+ i(t)+ n(t), (5)
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FIGURE 2. Illustration of the proposed RX structure adopting the hybrid combiner structure.

where the first term s(t) denotes the sum of the channel
outputs of desired signals given by

s(t) ≜
K∑
k=1

hk (t) ∗ xk (t) (6a)

=

K∑
k=1

∞∑
l=−∞

dk [l]pk (t − lT ) (6b)

=

∞∑
l=−∞

P(t − lT )d[l] (6c)

with

pk (t) ≜ hk (t) ∗ uk (t), (7a)

P(t) ≜ [p1(t), p2(t), · · · , pK (t)], (7b)

and

d[l] ≜ [d1[l], d2[l], · · · , dK [l]]T , (7c)

the second term i(t) denotes the channel output of interfering
signal given by

i(t) ≜ hI(t) ∗ xI(t) (8a)

=

∞∑
l=−∞

dI[l]pI(t − lT ) (8b)

with

pI(t) ≜ hI(t) ∗ uI(t), (9)

and the third term n(t) denotes the length-NR additive
white Gaussian noise (AWGN) vector with auto-correlation
function E{n(t + τ )nH(t)} = N0INRδ(τ ). Since we
consider the strong interference from the legacy TX, we have∫
∞

−∞
∥pI(t)∥

2 dt ≫
∫
∞

−∞
∥pk (t)∥

2 dt , for all k = 1, 2, · · · ,K .

B. OVERVIEW OF PROPOSED RX STRUCTURE
Fig. 2 illustrates the structure of the proposedADC-aware RX
adopting the hybrid combiner structure. There areNR antenna
elements and Nrf RF chains with NR > Nrf. The analog

combiner admits the length-NR received signal and combines
them to generate a length-Nrf signal. An LNA is connected
to each mth antenna element, for m = 1, 2, · · · ,NR.
Throughout this paper, we assume that all the LNAs operate
in the linear region1. Then, at each mth antenna element,
a power splitter divides the signal into Nrf identical signals,
and at each branch of the splitter output, a phase shifter
and a VGA adjust the phase and magnitude of the signal,
respectively [23], [27], [28], [29]. Then, a power combiner
connected to each nth RF chain combines the NR output
signals from the nth branch of NR power splitters, for
n = 1, 2, · · · ,Nrf.
At each RF chain, an in-phase and quadrature (I/Q)

demodulator generates real and imaginary parts of the
complex baseband signal. Then, a sampler conducts
M -times oversampling, and then a quantizer conducts
uniform quantization within a quantization range. The
following digital combiner admits the ADC outputs and then
generatesK output signals by using a digital signal processor.
Finally, after M -times downsampling, the RX generates the
length-K decision statistic.

In Fig. 2, it can be seen that the VGAs, which are usually
connected to each RF chain before the ADCs [35], are
omitted. As will be discussed later, we design the analog
combiner to perform the gain adjustment for the ADC input
signals. To do this, a controller shown in Fig. 2 periodically
updates the amounts of phase shift and gain in the analog
combiner that will perform the SINR maximization and the
gain control for the ADC input signals.

Fig. 3 illustrates a continuous-time (CT) equivalent model
for the proposed RX structure in complex baseband. The
length-NR received signal y(t) corresponds to the LNA
outputs in complex baseband. In the first block, the RX
combines y(t) to generate a length-Nrf signal r(t) by using

1The strong interference can saturate the LNA, resulting in nonlinear
distortion of the received signal. Considering this issue may be an interesting
future research direction, but it is beyond the scope of this paper.
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FIGURE 3. CT equivalent model for the proposed RX structure in complex
baseband.

an NR-by-Nrf matrixW , called analog combining matrix, as

r(t) ≜ WHy(t). (10)

As shown in Fig. 2, the analog combiner adopts phase shifter
and VGA for each branch of power splitter output, so that
each (m, n)th entry of W can be expressed as a complex
number [27], [28], [29], for m = 1, 2, · · · ,NR and n =
1, 2, · · · ,Nrf. Here, the length-Nrf signal r(t) corresponds to
the power combiner outputs in Fig. 2.

In the second block, the RX combines the length-Nrf signal
r(t) by using an Nrf-by-K matrix of LTI filters with impulse
response matrix G(t) and then performs uniform sampling
with symbol period T to generate a length-K decision
statistic d̂[l] as

d̂[l] ≜ GH(−t) ∗ r(t)
∣∣∣
t=lT

(11a)

= GH(−t) ∗WHy(t)
∣∣∣
t=lT

. (11b)

It is noteworthy that the digital combiner is designed in the
CT equivalent model, although it actually operates in the
discrete-time (DT) domain. For details on this equivalence,
see [36, Sec. 4.6]. The quantization is omitted here, because
this CT equivalent model is employed for the purpose of
derivation forW and G(t).
Given this structure, our objective is to design W and

G(t) so that the decision statistic d̂[l] well approximates the
transmitted symbol vector d[l]. We briefly summarize design
criteria forW and G(t) as follows:
• The analog combining matrix W is designed to maxi-
mize a total SINR of the analog combiner output and to
adjust the magnitude of the signal in each RF chain. The
total SINR is denoted by SINRtotal and defined as

SINRtotal≜
A

[
E

{
∥WHs(t)∥2

}]
A

[
E

{
∥WHi(t)∥2

}]
+A

[
E

{
∥WHn(t)∥2

}]
(12)

with A[·] denoting the time average. That is, the
following problem is considered:

maximize
W

SINRtotal

subject to wHn wn′ = 0, ∀ n ̸= n′, (13)

where wn is the nth column of W , for n = 1,
2, · · · ,Nrf. The reason for including the time average
in (12) is because we consider WSCS signals having
time-varying correlation functions, unlike WSS signals

having time-invariant correlation functions [30], [31].
Moreover, the reason for imposing the orthogonal
constraint on the column vectors of W is to prevent
non-zero noise correlation in different RF chains.

• The digital combining filterG(t) is designed tominimize
a total MSE between the decision statistic d̂[l] and the
symbol vector d[l], for all l ∈ Z, given the analog
combiner output r(t). The total MSE is denoted by
MSEtotal and defined as

MSEtotal ≜ E
{
∥d̂[l]− d[l]∥2

}
, (14)

where d̂[l] is defined in (11). That is, the following
problem is considered:

minimize
G(t)

MSEtotal. (15)

Note that MSEtotal is uniquely defined for all l ∈ Z,
because all the transmitted signals are WSCS with the
common cycle period T .

We solve the above two optimization problems in the
following two sections. In deriving W and G(t), we assume
that the underlay RX has prior information about the channels
from the legacy TX and the underlay TXs. This can be
justified by considering the following scenario. During the
deployment of the underlay system, before any transmissions
from K underlay TXs, the underlay RX is exposed to the
strong interference from the legacy TX. This initial exposure
allows the underlay RX to learn the propagation environment
from the legacy TX to the underlay RX. Then, after the
underlay TXs start their operation, such a prior information
about the channel from the legacy TX can be exploited to
obtain the channel information from the underlay TXs to the
underlay RX [37].

III. ANALOG COMBINER DESIGN
In this section, we solve the optimization problem (13) to
design the analog combining matrixW .

A. DECOMPOSITION OF W INTO THREE MATRICES
We consider the following decomposition ofW given by

W = ABD, (16)

where A is an NR-by-Neff matrix, B is an Neff-by-Nrf matrix,
and D is an Nrf-by-Nrf diagonal matrix. The constant Neff
can be equal to NR, Nrf, or any natural number between NR
andNrf. By (10) and (16), the analog combiner output r(t) can
be rewritten as

r(t) = WHy(t) = DHBHAHy(t). (17)

To maximize SINRtotal in (12), we assign the following
tasks to the three matrices. First, the matrix A reduces the
interference term at the denominator of SINRtotal in (12)
to a negligible level, while the noise term is maintained
at a consistent level. Second, given AHy(t), the matrix
B enhances the numerator of SINRtotal in (28), while the
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noise term is maintained at a consistent level. Third, the
diagonal matrix D adjusts the magnitude of each element of
BHAHy(t). We will impose the semi-unitary constraints onA
and B to ensure the uniqueness of the solution and to prevent
noise boosting effect. These constraints allow W = ABD
to be a semi-orthogonal matrix that satisfies the constraint
in (13) for any diagonal matrix D. It is noteworthy that,
although A, B, and D are separately designed, the phase
shifters and VGAs in the analog combiner are adjusted based
on the single matrixW .

B. DESIGN OF MATRIX A
Our objective is to find an NR-by-Neff semi-unitary matrix
APROP such that

A
[
E

{
∥AHPROPi(t)∥

2
}]

A
[
E

{
∥i(t)∥2

}] ≤ ϵ, (18)

for a pre-defined ϵ > 0, and AHPROPAPROP = INeff .
That is, for a sufficiently small ϵ, the matrix APROP can
significantly reduce the received interference power level,
while maintaining the noise power level due to the semi-
unitary constraint. However, sinceNeff is not specified yet, the
solution that satisfies (18) given ϵ > 0 is not unique. Among
the solutions, we find the onewith the largestNeff. This choice
is reasonable, as will be discussed in the next subsection,
in that a larger Neff provides more degrees of freedom for
the following Neff-by-Nrf matrix B to enhance the total power
of desired signals. To find such a solution, we propose an
algorithm that approximates the projection onto the null space
of the interference correlation as follows.

Consider the eigenvalue decomposition (EVD) of the
time-averaged correlation matrix of i(t) as

A
[
E

{
i(t)iH(t)

}]
= U I3IUHI , (19a)

where U I is a size-NR unitary matrix and 3I is a size-NR
diagonal matrix having the eigenvalues with

λI,1 ≥ λI,2 ≥ · · · ≥ λI,NR . (19b)

Then, the left-side of (18) becomes

A
[
E

{
∥AHPROPi(t)∥

2
}]

A
[
E

{
∥i(t)∥2

}] =

tr
(
AHPROPU I3IUHI APROP

)
tr
(
U I3IUHI

)
(20a)

=

tr
(
AHPROPU I3IUHI APROP

)
∑NR

m=1 λI,m
.

(20b)

Let Aeff be an NR-by-Neff matrix constructed by choosing the
eigenvectors corresponding to the smallest Neff eigenvalues,
i.e.,

Aeff ≜
[
uI,NR−Neff+1 uI,NR−Neff+2 · · · uI,NR

]
, (21)

Algorithm 1 Line Search Algorithm to Find Neff

Input: NR, Nrf, 3I, ϵ

Output: Neff

1: Set N = 0 and f (0) = 1;
2: while f (N ) > ϵ and N < NR − Nrf do
3: N ← N + 1;
4: Compute CCDF f (N ) in (23);
5: end while
6: return Neff = NR − N

for some Neff to be determined, where uI,m denotes the
mth column vector of U I, for m = 1, 2, · · · ,NR. Then,
by replacing APROP in (20) with Aeff, we have

A
[
E

{
∥AHeffi(t)∥

2
}]

A
[
E

{
∥i(t)∥2

}] =

∑NR
m=NR−Neff+1

λI,m∑NR
m=1 λI,m

. (22)

Note that Aeff in (21) is a semi-unitary matrix satisfying
AHeffAeff = INeff for any Neff, because U I is a unitary matrix.
To find Neff, we propose a simple line search algorithm as
follows, which is also described in Algorithm 1.
Let f (N ) be a complementary cumulative distribution

function (CCDF) of eigenvalues given by

f (N ) ≜ 1−

∑N
m=1 λI,m∑NR
m=1 λI,m

, (23)

for N = 0, 1, · · · ,NR. We perform the iteration to find Neff
and begin by initializing N = 0 and f (0) = 1. At each
iteration, N is increased by one, and f (N ) is computed as
in (23). The process iterates while f (N ) > ϵ and N < NR −

Nrf. If either of these two conditions is not met, we terminate
the iteration and return Neff = NR − N . The reason for
involving the second condition N < NR − Nrf is because
the analog combiner must pass at least Nrf signals to the
RF chains.

If we set ϵ = 1, i.e., 0 dB, thenNeff = NR andAeff becomes
INR , which implies that the pre-combiner does not perform
the strong interference suppression. On the contrary, if we set
ϵ ≈ 0, e.g. −100 dB, and f (Neff) ≤ ϵ with Neff ≥ Nrf, then
Aeff best approximates the projection onto the null space of

A
[
E

{
i(t)iH(t)

}]
. Therefore, by (20) and (22), we choose the

matrix Aeff with ϵ ≈ 0 as APROP.
We now investigate the eigenvalue distribution of

the matrix A[E{i(t)iH(t)}], because it is crucial in
determining Neff.
Lemma 1: The matrix A[E{i(t)iH(t)}] can be rewritten as

A
[
E

{
i(t)iH(t)

}]
=

1
T

∫ BI

−BI
p̃I(ξ )p̃

H
I (ξ ) dξ, (24)

where p̃I(ξ ) is an element-wise Fourier transform of pI(t).
Proof: See Appendix. □

Before analyzing the eigenvalue distribution, we first
specify the impulse response hI(t) of the channel from the
legacy TX to the underlay RX because A[E{i(t)iH(t)}] is
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FIGURE 4. Exemplary multipath intensity profile of propagation channel
from the legacy TX to the underlay RX in terms of delay and AoA.

constructed by using pI(t) = hI(t) ∗ uI(t). We consider
the ray-based specular channel model and assume that the
underlay RX is equipped with uniform linear array (ULA)
antenna elements that have half-wavelength spacing. Hence,
the length-NR impulse response hI(t) can be written as

hI(t) =
LI∑
l=1

JI∑
j=1

αI,l,jδ
(
t − τI,l,j

)
e
(
θI,l,j

)
, (25)

where LI is the number of clusters, JI is the number of
sub-paths assumed to be the same across the clusters, αI,l,j
is complex gain, τI,l,j is delay, and e(θI,l,j) is the length-NR
array response vector corresponding to the AoA θI,l,j with the
nth element

[
e
(
θI,l,j

)]
n ≜ e−jπ (n−1) cos θI,l,j , for the lth cluster

and jth sub-path.
Here, we consider the case where the transmitted signal

xI(t) from the legacy TX is reflected by only a few distant
objects, such asmountains or large buildings, and are received
by the underlay RX. This situation can occur when both
the legacy TX and the underlay RX are located at elevated
positions to enable high-power and long-range transmission
and to increase cell coverage, respectively. Fig. 4 illustrates an
exemplary multipath intensity profile of such a propagation
environment, where LI = 3 and JI = 20. Note that the delays
of sub-paths within each cluster are almost the same in the
delay domain, but the AoAs are distinct in the space domain.
These sub-path parameters are from the rural macro (RMa)
environment with non-line-of-sight (NLOS) scenario, which
is specified in the technical report on the spatial channel
model (SCM) of the 3rd Generation Partnership Project
(3GPP) [33]. Hence, we assume that τI,l,j ≈ τI,l , for all
j = 1, 2, · · · , JI and for each lth cluster.
By (25) and the above assumption, the element-wise

Fourier transform p̃I(ξ ) of pI(t) = hI(t) ∗ uI(t) is

approximated by

p̃I(ξ ) ≈ ũI(ξ )
LI∑
l=1

 JI∑
j=1

αI,l,je
(
θI,l,j

) e−j2πξτI,l

(26a)

= ũI(ξ )
LI∑
l=1

ale−j2πξτI,l , (26b)

for ξ ∈ [−BI,BI), where ũI(ξ ) is the Fourier transform
of uI(t) and al ≜

∑JI
j=1 αI,l,je(θI,l,j) is a length-NR vector.

Note that al’s are almost linearly independent, because the
channel parameters for different clusters are uncorrelated
in general. For analytical convenience, let ũI(ξ ) = 1,
for all ξ ∈ [−BI,BI). Then, we can further rewrite (24)
as

A
[
E

{
i(t)iH(t)

}]
=

1
T

∫ BI

−BI

LI∑
l=1

LI∑
l′=1

alaHl′ e
−j2πξ (τI,l−τI,l′ ) dξ

(27a)

=
2BI
T

LI∑
l=1

LI∑
l′=1

alaHl′ sinc(2BI(τI,l − τI,l′)).

(27b)

In (27b), we can see that the eigenvalue distribution of
the matrix A[E{i(t)iH(t)}] is determined by the values of
sinc(2BI(τI,l − τI,l′ )) for l ̸= l ′. We analyze it by using BI =
7.5MHz, NR = 16, and the multipath intensity profile shown
in Fig. 4. In this scenario, since the differences of cluster
delays are larger than 1 µs, the values of sinc(2BI(τI,l−τI,l′ ))
becomes much smaller than one for all combinations of l ̸=
l ′. That is, the matrix A[E{i(t)iH(t)}] becomes the sum of the
outer product of almost linearly independent vectors a1, a2,
and a3. Hence, as can be seen in Fig. 5-(a), there are three
dominant eigenvalues in A[E{i(t)iH(t)}]. In Fig. 5-(b), the
value N for which the CCDF f (N ) of eigenvalues becomes
less than−100 dB is 3, so that we have Neff = NR− 3 in this
exemplary scenario.

C. DESIGNS OF MATRICES B AND D
By substituting (16) into (12) with APROP satisfying (18) for
ϵ ≈ 0, the total SINR can be approximated by

SINRtotal ≈
A

[
E

{
∥DHBHAHPROPs(t)∥

2
}]

A
[
E

{
∥DHBHn(t)∥2

}] , (28)

whereAHPROP is omitted from the denominator becauseAPROP
is a semi-unitary matrix and n(t) is the AWGN vector. Our
objective is now to find an Neff-by-Nrf semi-unitary matrix
BPROP such that

BPROP ≜ argmax
B

A
[
E

{
∥BHAHPROPs(t)∥

2
}]

(29)

and BHPROPBPROP = INrf . To find BPROP, we consider the
PCA as follows.
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FIGURE 5. Illustration of exemplary (a) eigenvalue distribution of the
time-averaged interference correlation matrix A[E{i(t)iH(t)}] and
(b) CCDF f (N), when BI = 7.5 MHz, NR = 16, and the multipath intensity
profile shown in Fig. 4.

Proposition 1: Let an EVD of the time-averaged correla-
tion matrix of AHPROPs(t) be

A
[
E

{
AHPROPs(t)s

H(t)APROP

}]
= US3SUHS , (30)

where US is a size-Neff unitary matrix and 3S is a size-Neff
diagonal matrix having the eigenvalues with

λS,1 ≥ λS,2 ≥ · · · ≥ λS,Neff . (31)

Then, the optimal solution to (29) is given by

BPROP =
[
uS,1 uS,2 · · · uS,Nrf

]
, (32)

where uS,n denotes the nth column vector of US, for n =
1, 2, · · · ,Neff.

Proof: By (29)–(32), we have

A
[
E

{
∥BHPROPA

H
PROPs(t)∥

2
}]

= tr
(
BHPROPA

[
E

{
AHPROPs(t)s

H(t)APROP

}]
BPROP

)
(33a)

= tr
(
BHPROPUS3SUHS BPROP

)
(33b)

=

Nrf∑
n=1

λS,n. (33c)

According to the definition of trace and Rayleigh’s inequal-
ity [34], BPROP in (32) maximizes the objective function
in (29) by satisfying BHPROPBPROP = INrf , given any Nrf.
Therefore, the conclusion follows. □
It can be shown that, ifAPROP satisfies the inequality in (18)

with ϵ ≈ 0, then the objective function in (29) can be
replaced byA[E{∥BHAHPROPy(t)∥

2
}]. This implies that, under

the condition (18) with ϵ ≈ 0, the matrix BPROP can also be
obtained by using the statistical information of the received
signals.

After obtaining APROP and BPROP, the total SINR can be
approximated by

SINRtotal ≈
A

[
E

{
∥DHBHPROPA

H
PROPs(t)∥

2
}]

A
[
E

{
∥DHn(t)∥2

}] , (34)

where BHPROPA
H
PROP is again omitted from the denominator

because BHPROPA
H
PROPAPROPBPROP = INrf and n(t) is the

AWGN vector. Now, we design the diagonal matrix D given
the matrices APROP and BPROP. Our objective is to adjust the
magnitudes of the ADC input signals using D. To do this,
the nth diagonal entry dn,n of D is tuned so that the average
magnitude of the sampler output observed over a previous
time window, e.g., 1 msec, becomes the maximum output
level of quantizer. Then, a certain amount of power backoff
is applied to prevent signal clipping at the quantizer. The
amount of the power backoff can be determined based on
the instantaneous normalized power (INP) of each analog
combiner output signal. Besides this method, other gain
control algorithms can be utilized to meet their system
requirements [35], [38]. A key feature of our analog combiner
is that it can perform the gain control as well as pre-
combining, eliminating the need for VGAs connected to the
RF chains as shown in Fig. 2. In Section V, our simulations
will be conducted under the assumption that the signal’s
peak magnitude fits the quantization range without any signal
clipping [30], [31]. We denote the matrix D that achieves this
as DPROP. Therefore, our proposed analog combining matrix
WPROP is given by

WPROP ≜ APROPBPROPDPROP. (35)

A key contribution of our proposed analog combiner is
to mitigate the dominant quantization noise caused by the
strong interference from the legacy TX. This advantage of our
analog combiner will be numerically analyzed in terms of the
reception performance, after the digital combiner is designed
in the next section.

IV. DIGITAL COMBINER DESIGN
In this section, we solve the optimization problem (15) to
design the impulse response matrix G(t).

A. FREQUENCY-DOMAIN EXPRESSION OF TOTAL MSE
AND DERIVATION OF SOLUTION
Recall that our digital combining filter is designed in our CT
equivalent model shown in Fig. 3, although it operates in the
DT domain after oversampling. The equivalence of sampling
after CT filtering, and downsampling after DT filtering with
oversampling can be found in [36, Sec. 4.6].

The impulse response matrix G(t) is designed to find
d̂[l] in (11) minimizing MSEtotal = E{∥d̂[l] − d[l]∥2}
in (14). We derive the L-MMSE solution to this problem,
given an analog combiner output r(t) = WHy(t) with a
semi-orthogonal matrix W . To do this, we express MSEtotal
in the frequency domain by applying the VFT technique to
matrix-valued functions. The definition of the VFT for a
scalar-valued function can be found in [20, Definition 5].
Definition 1: Let X(t) be a matrix-valued time function

with an entry-by-entry Fourier transform X̃(ξ ). Given band-
width B [Hz] in complex baseband and symbol rate 1/T
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[symbols/Hz], the VFT X̄(f ) of X(t) is defined as

X̄(f ) ≜


X̃

(
f − Nf−1

2T

)
X̃

(
f − Nf−3

2T

)
...

X̃
(
f + Nf−1

2T

)

 , (36)

for f ∈ F , whereNf ≜ 2⌈β⌉+1 andF is the Nyquist interval
defined as

F ≜

{
f : −

1
2T
≤ f ≤

1
2T

}
. (37)

Using Definition 1, we define NRNf-by-K matrix P̄(f ) and
NrfNf-by-K matrix Ḡ(f ), respectively, as the VFTs of the
NR-by-K matrix-valued function P(t) and Nrf-by-K matrix-
valued function G(t). Moreover, we denote a length-NRNf
vector p̄I(f ) as the VFT of the length-NR vector-valued
function pI(t). In the following theorem, using these VFTs,
we express MSEtotal in the frequency domain.
Theorem 1: The total MSE can be rewritten as

MSEtotal = K +
∫
F
tr
(
Ḡ
H
(f )R̄(f )Ḡ(f )

− 2Re
{
Ḡ
H
(f )W̄

H
P̄(f )

})
df , (38)

where R̄(f ) is an NrfNf-by-NrfNf correlation matrix given by

R̄(f ) ≜
1
T

(
W̄
H (

P̄(f )P̄
H
(f )+ p̄I(f )p̄

H
I (f )

)
W̄

)
+ N0W̄

H
W̄ , (39)

for f ∈ F , and W̄ is anNRNf-by-NrfNf block-diagonal matrix
given by

W̄ ≜ INf ⊗W (40a)

=


W ONR×Nrf · · · ONR×Nrf

ONR×Nrf W · · · ONR×Nrf
...

...
. . .

...

ONR×Nrf ONR×Nrf · · · W

 . (40b)

Proof: See Section IV-B. □
By using the property of trace and applying the Wiener

filter theory [39], the L-MMSE solution ḠLMMSE(f ) that
minimizes MSEtotal in (38) is given by

ḠLMMSE(f ) ≜ R̄
−1

(f )W̄
H
P̄(f ), (41)

for each f ∈ F . Note that the entry-by-entry Fourier
transform of the L-MMSE solution GLMMSE(t) to the
problem (15) can be easily obtained from ḠLMMSE(f ). This
is because the VFT is an operation that divides the overall
frequency band into the disjoint sub-bands with bandwidth
1/T centered around the Nyquist interval.
A key feature of this digital combiner is its ability to

combine the analog combiner output r(t) by utilizing the
dimensions Nrf from multiple RF chains and Nf from spectral
redundancy. Since the received signal is a WSCS signal with

cycle period 1/T , there exists non-zero periodic correlation
between frequency components spaced by 1/T [16]. As can
be seen in Theorem 1 and its solution (41), the VFT for
matrix-valued functions facilitates the design of the digital
combiner that fully exploits such spectral correlation.

B. PROOF OF THEOREM 1
In this subsection, we provide a detailed proof of Theorem 1.
Unlike [21] that only considers a single RX antenna,
we propose a new derivation for MSEtotal in our MU-MIMO
system with interference, given the analog combiner
output r(t).
We first rewrite the length-K decision statistic d̂[l] as

d̂[l] =
∫
∞

−∞

GH(t − lT )r(t) dt (42a)

=

∞∑
l′=−∞

C((l − l ′)T )d[l ′]

+

∞∑
l′′=−∞

cI((l − l ′′)T )dI[l ′′]+ n[l], (42b)

where

C(t) ≜
∫
∞

−∞

GH(τ − t)WHP(τ ) dτ (43a)

and

cI(t) ≜
∫
∞

−∞

GH(τ − t)WHpI(τ ) dτ (43b)

are cross-correlation functions between G(t) and WHs(t),
and between G(t) andWHi(t), respectively, and

n[l] ≜
∫
∞

−∞

GH(t − lT )WHn(t) dt (43c)

is the Gaussian noise component with zero mean and
variance N0PN.
Since dk [l] and dI[l] are the i.i.d. proper-complex symbols

with zero mean and unit variance for all k and l, we can
rewrite MSEtotal as

MSEtotal = E
{
∥d̂[l]− d[l]∥2

}
(44a)

= E
{
∥d[l]∥2

}
− tr

(
2Re

{
d[l]d̂

H
[l]

})
+ E

{
∥d̂[l]∥2

}
(44b)

= K − tr (2Re {C(0)})+ tr (Q)+ N0PN, (44c)

where Q is a K -by-K matrix given by

Q ≜ E
{
d̂[l]d̂

H
[l]

}
(45a)

=

∞∑
l=−∞

{
C(lT )CH(lT )+ cI(lT )cHI (lT )

}
. (45b)

Now, we express tr(Q) in the frequency domain.
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Proposition 2: The third term tr(Q) in (44c) can be
rewritten as

tr(Q) =
1
T

∫
F
tr

(
Ḡ
H
(f )W̄

H
P̄(f )P̄

H
(f )W̄Ḡ(f )

+ Ḡ
H
(f )W̄

H
p̄I(f )p̄

H
I (f )W̄Ḡ(f )

)
df . (46)

Proof: Let ck,k (t) and cI,k (t) be the (k, k)th entry of C(t)
and the kth element of cI(t), respectively. Then, by using the
definition of trace and Poisson summation formula, we can
write the third term tr(Q) in (44c) as

tr(Q) =
∞∑

l=−∞

{
K∑
k=1

|ck,k (lT )|2 + |cI,k (lT )|2
}

(47a)

=
1
T

∞∑
l=−∞

{
K∑
k=1

ṽk,k

(
l
T

)
+ ṽI,k

(
l
T

)}
, (47b)

where ṽk,k (ξ ) and ṽI,k (ξ ) are the Fourier transforms of
|ck,k (t)|2 and |cI,k (t)|2, respectively. Define G̃(ξ ) and P̃(ξ )
be the entry-by-entry Fourier transforms of G(t) and P(t),
respectively. Then, using the definition of trace and convo-
lution theorem, we have

K∑
k=1

ṽk,k

(
l
T

)
=

∫
∞

−∞

tr
(
G̃
H
(ξ )WHP̃(ξ )P̃

H
(
ξ −

l
T

)
WG̃

(
ξ −

l
T

))
dξ

(48a)

and
K∑
k=1

ṽI,k

(
l
T

)
=

∫
∞

−∞

tr
(
G̃
H
(ξ )WHp̃I(ξ )p̃I

H
(
ξ −

l
T

)
WG̃

(
ξ −

l
T

))
dξ.

(48b)

By substituting (48a) and (48b) into (47b), the summation
over l leads to spectrum folding with interval 1/T . Since
the integration interval can be divided into sub-intervals of
length 1/T , the term tr(Q) can be expressed in terms of the
integration over the Nyquist interval F by using the VFT in
Definition 1 and (40). Therefore, the conclusion follows. □

Similarly to the above derivation, we can write the second
term tr(C(0)) in (44c) as

tr(C(0)) =
∫
F
tr

(
Ḡ
H
(f )W̄

H
P̄(f )

)
df (49)

and the fourth term PN in (44c) as

PN =
∫
F
tr

(
Ḡ
H
(f )W̄

H
W̄Ḡ(f )

)
df . (50)

Therefore, by substituting (46), (49), and (50) into (44c),
we finally have (38) in Theorem 1.

As shown in Fig. 2, the digital combiner processes a
length-Nrf oversampled DT signal with finite bit resolution,

FIGURE 6. Total MSE as a function of Es/N0 for different numbers of ADC
bits, when the RX does not adopt the hybrid combiner structure with
K = 4 and NR = Nrf = 16.

so that there is non-zero quantization noise in the digital
combiner input. If the analog combiner fails to suppress
the strong interference, there is dominant quantization noise
that may lead to a severe degradation of the reception
performance. Hence, its performance depends on how the
analog combining matrixW is designed. In the next section,
we will numerically investigate the reception performance of
the proposed RX.

V. SIMULATION RESULTS
In this section, simulation results are provided. Throughout
the simulations, we consider K = 4, NR = 16, and, if the
hybrid combiner structure is adopted, Nrf = 8. We assume
that uk (t) and uI(t) are the square-root raised cosine (SRRC)
shaping filter with excess bandwidth βk = βI = 0.5, for
all k . The TXs employ linear modulation with symbol rate
1/T = 10 MHz and bandwidth Bk = BI = 7.5 MHz in
complex baseband, for all k . Hence, this underlay system
fully utilizes the frequency band occupied by the legacy
system. The channel parameters for the underlay TXs are
based on the 3GPP SCM’s urban micro (Umi) environment
with NLOS scenario [33], and those for the legacy TX is
based on our exemplary multipath intensity profile shown in
Fig. 4. We define post-combined signal-to-noise ratio (SNR)
denoted by Es/N0. This metric is the average SNRmultiplied
by NR, and it is used to evaluate the performance after
removing the effect of array gain.

First, we investigate the reception performance of an RX
that does not adopt the hybrid combiner structure for strong
interference suppression. This RX directly connects all NR
antenna elements to Nrf = NR RF chains and performs only
the digital combining with GLMMSE(t) given r(t) = y(t) =
s(t)+ i(t)+n(t). Fig. 6 illustrates the total MSE as a function
of Es/N0, for different numbers of ADC bits. In Fig. 6-(a),
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there is no legacy TX, i.e., signal-to-interference ratio (SIR)
is ∞ dB, but in Fig. 6-(b), there is a strong interference
from the legacy TX with SIR = −40 dB. In Fig. 6-(a) with
SIR = ∞ dB, it can be seen that the total MSE with infinite
precision, denoted by ‘‘∞ bits’’, can almost be achieved
when using ADCs with 12 bits or higher, and that using 10-
bit ADCs result in a slight performance degradation. Hence,
the total MSE shown in Fig. 6-(a) serves as the achievable
lower bound for each number of ADC bits, given K and NR.
However, in Fig. 6-(b) with SIR = −40 dB, it can be
seen that the dominant quantization noise caused by the
strong interference results in severe performance degradation.
For example, the total MSE achievable with 8-bit ADCs
in Fig. 6-(a) can be outperformed by using at least 14-bit
ADCs in Fig. 6-(b). This implies that, in the presence of
strong interference, directly connecting all antenna elements
to RF chains requires significantly higher ADCs’ power
consumption, which grows exponentially with the number
of bits [30]. Moreover, it requires higher computational
complexity for digital signal processors, because it needs to
process the received signals from all antenna elements.

Then, we investigate the results from using the hybrid
combiner structure. We mainly consider three RXs according
to their combinations of analog and digital combiners. Note
that the following three RXs have a commonality in that
their digital combiners generate the L-MMSE estimates of
symbols given the ADC output signals, which are differently
derived depending on how the analog combiner is designed.
First, the RX in Fig. 6 is considered and will be denoted
by ‘‘no W ’’ in figures. Second, an RX adopting the analog
combiner but maximizing only the total power of desired
signals [24] is considered and will be denoted by ‘‘W ϵ=1’’
in figures. The sub-script ϵ = 1 means that, as described
in Section III-B, this analog combiner does not suppress the
strong interference with Aeff = INR . Third, our proposed
RX is considered and will be denoted by ‘‘WPROP’’ in
figures. For the first two baseline RXs, we present the
performance in both cases with and without the strong
interference from the legacy TX.Hence, the RX ‘‘noW ’’ with
SIR = ∞ dB presents the achievable performance bound
shown in Fig. 6-(a). Moreover, the RX ‘‘W ϵ=1’’ with SIR
= ∞ dB presents another performance bound achievable
under the hybrid combiner structure.

To proceed, we introduce a new metric called effective step
size, denoted by 1eff, and define it as

1eff ≜
2

2q − 1

√
1+

1
SINRtotal

, (51)

where q denotes the number of ADC bits. The conventional
step size is determined by the quantization range, e.g., [−1, 1)
in our simulation, and the number of ADC bits q, and
defined as 2/(2q − 1). However, the quantization precision
experienced by WHs(t) depends on the total SINR after
analog combining. Hence, the metric 1eff in (51) enables us
to numerically analyze the quantization noise effect in the

FIGURE 7. Effective step size experienced by desired signals as a function
of SIR, when (a) 10-bit ADCs and (b) 14-bit ADCs are employed, and
Es/N0 = 40 dB.

presence of the residual interference at the analog combiner
output.

Fig. 7 illustrates the effective step size as a function of SIR,
when Es/N0 = 40 dB. It can be seen that the effective step
size in Fig. 7-(b) employing 14-bit ADCs is smaller than in
Fig. 7-(a) employing 10-bit ADCs. In both Figs. 7-(a) and (b),
it can be seen that the two baseline RXs suffer from a
drastic increase in step size for low SIR. However, since our
proposed analog combiner reduces the interference power to
a negligible level and improves the total SINR, its step size
is almost similar to the two lower bounds regardless of SIR.
Hence, our proposed RX successfully mitigates the dominant
quantization noise caused by the strong interference from the
legacy TX.

Fig. 8 illustrates effective step size and total MSE as a
function of the number of ADC bits, when SIR = −40 dB,
and Es/N0 = 40 dB. In Fig. 8-(a), it can be seen that
the effective step size decreases as the number of ADC bits
increases. Again, for the two RXs without strong interference
suppression at the analog combiner, we can observe a
drastically larger effective step size. On the other hand, the
ADC outputs of the proposed RX suffer from the quantization
noise due to only the finite resolution inherent to the ADCs.
In Fig. 8-(b), it can be seen that reception performance is
improved as the effective size decreases, and it converges to
performance with infinite resolution as the number of ADC
bits increases. For the two baseline RXs, we can observe a
severe degradation in the total MSE due to the drastically
large effective step size. On the other hand, our proposed RX
nearly approaches the two lower bounds achievable in the
absence of the legacy TX. The slight differences in the total
MSE occurs because our analog combiner consumes some
degrees of freedom for interference suppression, while the
analog combinerW ϵ=1 in the absence of the legacy TX fully
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FIGURE 8. (a) Effective step size and (b) total MSE as a function of
number of ADC bits, when SIR = −40 dB and Es/N0 = 40 dB.

FIGURE 9. Total MSE as a function of Es/N0, when (a) 10-bit ADCs and
(b) 14-bit ADCs are employed, and SIR = −40 dB.

utilizes dimensions to maximize the total power of desired
signals.

Fig. 9 illustrates total MSE as a function of Es/N0,
when SIR = −40 dB. Here, we introduce and compare
a new combination of analog and digital combiners. This
analog combiner performs nulling in the space domain
towards the direction of the strong interference [32], denoted
by ‘‘WDIR’’, and the digital combiner performs L-MMSE
filtering. Unlike [32], this analog combiner also maximizes
the total power of desired signals after nulling the strong
interference. It can be seen in Fig. 9-(a) that, when 10-bit
ADCs are employed, there is a severe degradation for the
two baseline RXs. Moreover, we can observe performance
degradation when the analog combiner suppresses the strong
interference by using the direction-based approach. This is

FIGURE 10. Total MSE as a function of SIR, when (a) 10-bit ADCs and
(b) 14-bit ADCs are employed, and Es/N0 = 40 dB.

because the angular dispersion shown in Fig. 4 requires more
dimensions than NR−Nrf to generate nulls at the AoAs of the
strong interference and leads to unintended power loss in the
desired signals. On the other hand, in both Figs. 9-(a) and (b),
our proposed RX approaches the MSE lower bounds in the
absence of strong interference only with a slight performance
degradation.

Fig. 10 illustrates total MSE as a function of SIR, when
Es/N0 = 40 dB. It can be seen that, again, when the strong
interference suppression fails, the dominant quantization
noise causes severe performance degradation for low SIR.
For both two baseline RXs, as SIR approaches to 0 dB, their
performance approach to their achievable lower bounds in the
absence of the legacy TX. On the other hand, our proposed
RX well approximates the null-space projection onto the
interference correlation matrix, so that the performance
remains nearly close to the interference-free lower bounds
regardless of SIR.

Fig. 11 illustrates total MSE as a function of Es/N0 and
excess bandwidth β, when (a) β = 0.5 and (b) Es/N0 =

40 dB. Here, we compare the performance of the RXs based
on whether the digital combiner is designed to fully exploit
the periodic spectral correlation of the WSCS signals or not.
The proposed digital combiner is denoted by ‘‘GLMMSE(t)’’
and the digital combiner that does not exploit the spectral
correlation is denoted by ‘‘no VFT’’ in the figure. The digital
combiner ‘‘no VFT’’ is designed under the assumption that
the signals are WSS. It can be seen that fully exploiting the
spectral correlation of WSCS signals is crucial for the MAI
suppression in the MU-MIMO system. In Fig. 11-(a), there
is a severe performance degradation for ‘‘no VFT’’ due to
failure in MAI suppression. In Fig. 11-(b), the difference in
MSEtotal increases as β increases. This is because, as spectral
redundancy increases with higher β [16], failure to exploit
this redundancy leads to further decrease of MAI suppression
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FIGURE 11. Total MSE as a function of (a) Es/N0 and (b) excess
bandwidth β, when 14-bit ADCs are employed, SIR = −40 dB,
(a) β = 0.5, and (b) Es/N0 = 40 dB.

capability. On the other hand, our proposed RX that fully
exploits such spectral redundancy can successfully suppress
the MAI.

VI. CONCLUSION AND FUTURE WORK
In this paper, we design an MU-MIMO underlay RX
in the presence of a strong WSCS legacy signal. The
dominant quantization noise at the ADC caused by the strong
interference drastically degrade the reception performance.
Tomitigate strong interference, we adopt the hybrid combiner
structure consisting of analog and digital combiners. In our
analog combiner design, we first suppress the strong
interference by approximating null-space projection onto
the interference correlation matrix. Then, we enhance the
total SINR by performing the PCA on the desired signal
correlation matrix. Finally, we adjust the magnitudes of the
ADC input signals. In our digital combiner design, we present
the derivation for L-MMSE estimation of symbols.
To exploit the periodic spectral correlation of WSCS signals,
we extend the VFT to matrix-valued functions. Simulation
results confirm that, under certain conditions, our proposed
RX can approach the reception performance achievable in the
absence of the legacy TX. Since we assume that the channels
from the legacy TX and underlay TXs are known, the channel
estimation under the proposed hybrid combiner structure
may be an interesting future research direction. To further
reduce hardware costs, considering the hybrid structure that
omits the VGAs in the analog combiner or that employs
a partially-connected hybrid structure can also be a future
research topic.

APPENDIX.
In this appendix, we provide the proof of Lemma 1.

Since the signal i(t) is aWSCS process with cycle period T ,
the time average is conducted for a finite interval T , so that

A
[
E

{
i(t)iH(t)

}]
=

1
T

∫ T

0
E{i(t)iH(t)} dt (52a)

=
1
T

∫ T

0

∞∑
l=−∞

pI(t − lT )p
H
I (t − lT ) dt

(52b)

=
1
T

∫
∞

−∞

pI(t)p
H
I (t) dt (52c)

=
1
T

∫ BI

−BI
p̃I(ξ )p̃

H
I (ξ ) dξ, (52d)

where (52b) comes from the definition of i(t) in (8) with i.i.d.
symbols dI[l] and (52d) comes from the Parseval’s relation.
Therefore, the conclusion follows.
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