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Abstract—Cognitive radio (CR) aims at enabling the coexis-
tence between legacy systems called primary users (PU) and
secondary users (SU), provided the SU do not (significantly) cause
interference on PU links. Massive MIMO systems on the other
hand yield significant performance and reliability enhancement.
In this paper, we investigate the capacity of both PU and SU
systems using multi-user (MU) massive MIMO and time division
duplex (TDD). TDD indeed permits to estimate the channel
state information (CSI) at the PU/SU transmitters to perform
linear precoding, taking advantage of the channel reciprocity. The
capacity is derived considering the CSI imperfections, the non-
reciprocal radio frequency front-ends as well as antenna coupling
effects. These impairments can be compensated using reciprocity
calibration techniques we recently developed. Extending these
techniques to MU massive MIMO, we evaluate interference
cancellation precoders. Simulations reveal performance improve-
ments using the massive MIMO reciprocity-based precoder in a
CR approach.

Index Terms—Massive MIMO, cognitive radio, reciprocity-
calibration, beamforming, precoding, channel estimation.

I. INTRODUCTION

The spectrum scarcity generated by the evolution of wireless
technologies this last decade leads to rethink transmissions
strategies. Therefore, for a smarter utilization of the spectrum,
cognitive radio (CR) has been developed. It exploits radio
parameters like spectral occupancy, waveform, etc, to enable
unlicensed transmissions (secondary: SU), while avoiding dis-
rupting licensed systems (primary: PU) [1].

In this study the PU/SU coexistence is achieved based on
a massive MIMO linear precoding. The massive MIMO has
been introduced by Marzetta in [2], and suggests to use a large
antenna array at the base stations (BS), to reduce uncorrelated
noise and fast fading effects [3], [4], [5]. Recent investigations
based on smart partitioning of users or random matrix theory
have shown that the number of antennas needed to benefit
from the “massive MIMO effect” is reasonable (about 50, see
e.g. [6], [4]).

In this paper, we aim at enhancing SUs transmissions
without harming legacy communications in a CR context,
therefore, we design a linear precoder (beamforming [7])
exploiting the interfering channels between the SU transmitter
(Tx) and the PU receiver (Rx). This idea has been proposed
in [8], where authors suppose a training phase to learn the
interfering channels before transmitting in the PUs white
spaces. The estimation of crosslink channels is a challenge
in CR, since generally there is no cooperation between PUs
and SUs. Accordingly, we assume that the SU estimates the

reverse crosslink channel using the training sequences broad-
cast by PUs, then the forward channel is found helped by the
channel reciprocity assumption. This reciprocity hypothesis
is abusively assumed in most massive MIMO TDD (time
division duplex) key studies (see e.g. [6], [2], [5]). Indeed
the overall channel including Tx/Rx filters is not reciprocal
due to the radio frequency front-ends (RF) circuitry and
because large amount of antennas leads to close antennas
spacing. This inevitably leads to mutual coupling such that
current induced on one antenna impacts nearby antennas, thus
causing breakdown to the fundamental reciprocity assumption
required to design the precoder [9], [10], [11]. Reciprocity-
calibration methods have been recently proposed (e.g. [10],
[11]) and implemented [12] for conventional MIMO systems
and are not always relevant to multiple user massive MIMO.
A recent work [13] addresses the calibration in massive
MIMO, but authors did not consider coupling effects. The
main contribution of this paper is to address properly the
impact of RF impairments, then define a massive MIMO
reciprocity-calibration considering the antenna coupling, and
finally investigate the performances of the massive MIMO
precoding approach in CR transmissions.

Our work is structured as follows: Section II describes the
CR scenario and backgrounds. In Section III we illustrate
the RF impacts and Section IV proposes a massive MIMO
calibration approach. Section V shows the transmission strat-
egy, evaluation framework and the simulation results. Finally,
section VI draws conclusions.

II. TRANSMISSION SYSTEM AND BACKGROUND

Table I: notations

Symbol Description

* Convolution

® Kronecker product

c,v,M Complex or real scalar, vector, matrix
M7 Transpose matrix of IV

M Conjugate matrix of M

Mt Hermitian matrix of M
Vectorization of matrix M
Inverse discrete Fourier transform of M(v)

Throughout this paper, we use the notations in Table I. We
consider a multipath M x N-MIMO (multiple input multiple
output) channel with P paths each having its own delay (7)
and attenuation. The time domain received signal y(t) € CV*!
from a base station to user is the convolution of the lines in
the multipath channel matrix C(t,7) € C¥* with the vector



transmitted by M antennas x(t) € CM** such:

y(t) = [y1(t) yn(0)]" = C(t,7) *x(t) +n(t), (1)

with n(t) € CV*! the additive white Gaussian noise (AWGN)
at the receiver (Rx). The cognitive radio scenario is defined
in Fig. 1 by a primary and a secondary cell with respectively
K and L users, N,, N; < 2 antennas per user and M, M,
antennas respectively at the primary (Ppg) and the secondary
base stations (Spg). They use the same bandwidth in TDD
mode with an orthogonal frequency division multiplexing
(OFDM) and all users share the same time/frequency resource
(MU-MIMO). In order to transmit in the SU without disrupting
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Fig. 1. MU MIMO CR scheme with PU and SU users.

the PU, we exploit the spatial degrees of freedom (d) in MIMO
systems related to the network capacity C' such: C(SNR) =
dlog(SNR) + o(log(SNR)) [14]. Like described in [15], in
our CR scenario with interfering channels in Fig.l, d =
min(K N, + LNs, Ms + My, max(Mp, LNy), max(Ms, KNp)),
thus increasing the number of antennas also increases d and
consequently the channel capacity.

In this paper, the transmission strategy is drawn from the
massive MIMO concept using a large number of BS antennas
My, Ms ~ oo [5], [4]. In an independent and identically
distributed (i.i.d) complex Gaussian channel, the achievable
downlink (DL) ergodic capacity in the PU cell (C,) with
perfect channel state information at the receiver (CSIR) is
expressed in the frequency domain by:

C, =E [1og2{det(INp + R;pl Gpp@pG;f)p)}] ,

s.t. tr(®,) < @y, 2)

with E[e] the expectation, (e)~' the (pseudo)inverse, &, =

E[x,x}] denotes for the power allocation matrix at Pgg,
(¢p, bs) the power constraints at Pggs and Spg, x, € CMr,
x; € CM: the transmitted vectors, Rsp = Gopxs(Gepxs)! +
onln, the interference plus noise matrix from Spg, with
Gup = [Gp1,..., Gpr], Gp1 € CV2*Mp the PU DL channel,
and G,, the DL channel from SU to PU. The CR problem
can be reformulated as a constrained maximization:

max (Cy = logy{det(In, + R,}!Gy (P, ®,P])GI.}),

P,.P,
s.t. Ggpxs = 0, tr(Py®,P) < ¢,
3)

with R, the interference plus noise covariance matrix from

PU to SU. This corresponds to the spatial interweave CR
approach which transmits in spatial holes using a precoder P.
Consequently, in order to steer null interferences toward the
PU while improving SU transmissions, we perform the CR
scenario based on the PU and SU beamformers (precoders)
P, and P,. Assuming first that the channels are perfectly
estimated, P, is designed using the PU DL channel estimate
G,p, and P, from the knowledge of the interfering DL
estimation Gs,. The Spg signal is projected on an orthogonal
basis of G, using the singular value decomposition of G,
UDV' = SVD{G,,}, such that the signal from Sgg to PU is
automatically canceled. The kernel W = Ker{G,} is spanned
by the last columns of V, leading to the following interference
cancellation precoders:

P, = /fiﬂcﬁ;p, P, — #Gw, )
tr(GppGpp) tr(Gw Gw)

with Gy = (WWTGH,). Moreover, in multi-cell system with
B BS and K users, the frequency domain DL signal in a cell
b is given by:

B
Yi=GXp+ Y GX.+Ng, )
c=1,c#b

with Yk = [y1,...,¥k], Go =[G, ..., Gox] the DL channel
in cell b, Ng the noise matrix at Rx and Zle’#b G.X.
the interfering signal from other BSs. Using the relation (5),
the received signals y, and y, at the PU and SU in our CR
scenario yield:

Yp = Gppé;pxp + Gsp(WWqus)xs +np, (6)
ys = Go(WWIGT))x, + GpSGprp + nj,.

We observe that the CSIs at Tx/Rx are required for the
precoding and coherent detection, therefore pilot training
symbols (pPyi/4;) known at both side (Tx/RX) are periodically
emitted in one OFDM symbol, then the estimated channel per-
subcarrier is exploited for detection in the following symbols
according to the channel coherence time. The uplink (UL)
channel (H) is estimated at BSs using a minimum mean
squared error estimator (MMSE extensively studied e.g. [16]),
while the DL estimation process can be simplified at the user
side using a least squares approach.

Note that PU and SU use the same pilot structure, in order
to avoid pilot contamination, the Ppg broadcasts periodically
control signals specifying the pilot parameters to Spg (see
Fig. 1). Nevertheless, PU users are not able to estimate and
feedback G, to Spg for Tx-beamforming, thereby we use
the UL interfering channel H,. acquired from PU training
sequences, and find the DL G, using the channel reciprocity
assumption in TDD. However, the overall channel including
Tx/Rx filters in Fig. 2 are not reciprocal due to the RF
imperfections and mutual coupling [9], [10]. The next section
addresses the RF impacts and solution for massive MIMO.



III. RADIO FREQUENCY (RF) AND COUPLING EFFECTS

Fig. 2 illustrates the RF basic components encountered in
TDD MU-MIMO which generate perturbations like antenna
gain imbalance, frequency error, noise from analog to digital
converters, etc. Though some of these non-exhaustive impair-
ments are commonly addressed in nowadays systems, they
destroy the channel reciprocity assumption. Motivated by [11],
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Fig. 2. Tx/Rx RF filters in the MU-TDD system composed by: the switching
circuit (TDD-SC), a low noise amplifier (LNA), a down/up-converter (DwC-
Mixer), a local oscillator (LO), a low pass (LP) filter, power amplifiers (PA,
A), a digital (analog) to analog (digital) converter (DAC, ADC).
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where the RF front-ends are assumed frequency selective, we
model RF impairments by matrices. Then the non-reciprocal
UL/DL channels including the RF in Fig.2 are described by:

H(t,T) = RBs(t,T)*CT(t,T)*TMU(t,T), 7
G(t,r) = Rau(t,7)*C(t,7) Tas(t,r),

where the square M x M matrices Rgs(t,7), Tns(t, 7) stand
for the Tx/Rx filters at the BS, Rasu (¢, 7), Tasv (¢, 7) the KN x
KN matrices containing the users RF filters and C(¢,7) the
reciprocal propagation channel between antennas.
Throughout this paper, we suppose the RF time-invariant
(i.e. they vary more slowly than the channel) because the elec-
tronic components properties vary in specific conditions like
the temperature [9]. We assume the users randomly distributed
in the cells and separated by several wavelengths (A ~ 10cm
for GHz signals). In the current state of technology, most of
the MIMO techniques (beamforming, space-time coding, etc)
require an antenna separation close to A/2. The difficulty to
get a suitable separation in perfect isolation induces coupling
effects in massive MIMO. The coupling matrix from close M
antennas is modeled in [17] by Cp = (21 + 27)(Z + zrIa) "',
where z; and 2z are the antennas impedance in isolation and at
the receiver, Z the mutual impedance matrix whose elements
depend on the antenna’s geometry. Ideally, the RF matrices
are all supposed diagonal. But as shown in [17], the coupling

effects lead to full RF matrices at BS side and diagonal block
matrices at the user side, since the distance between users is
supposed large enough. Then, from (7) the overall DL is:

G(t,7) = Quu(r) * HT (t,7) * Qps(7). (8)

Wl'itil’lg QA{U(T) = FTil{QNIU (IJ)} and Q]VIU (IJ) =
Ruo (V)T . (v), Qss(v) = Rgk (v)Trs(v), v the subcarrier
subscript, the relation (8) in frequency domain is:

Q,/y (1)G(t,v) = HY (t,1)Qps(v). ©9)

The next section describes a solution to compensate the RF
impairments and to restore the channel reciprocity.

IV. RECIPROCITY-CALIBRATION

The literature illustrates some conventional MIMO calibra-
tion approaches [11], [9], but implementing such method in
massive MIMO is constraining due to the large amount of
MU CSI. However, the flexibility of relative calibration has
been adopted in this work, it does not require any third-party
or hardware modifications (unlike absolute calibration) and
simply exchanges the CSI at the two ends of the link. We
propose to calibrate independently each user with the BS,
namely a per-user calibration. Thereby, each user calibration
is a MIMO calibration mentioned in [11]. Consequently, using
the frequency domain formulation (9), the calibration consists
in finding the RF matrices minimizing the following distance:

[vec(Qyp (V) G(t,v)) — vec(HT (t,1)Qps ()| 1.

(10)
We have shown in [11], that the relation (10) can be rewritten
as a total least squares (TLS) problem:

min
{Qmu,QBs}

min ||AAT||F
_ A{amus.AAT} (11)
st (At + AAT)qus(v) = O(r.m.8) <1,
4 . R R
ans(v) = [Zii((%lgg((,lj))ﬂ Ar = [A(1Lv) NGO

with A = [(GT(t,v)®1y)) —(In ®HT(t,v))], H,G the
estimated UL/DL channels per user, AAr the compensa-
tion matrix of the UL/DL channels estimation error. Using
SVD{Ar} = UDV/, the TLS solution (qar5(v)) lies in the
last column of V like illustrated in [18], [11].

We observe that the TLS system (11) is over-parametrized
using 7" versions of UL/DL channels over the time (where 7'
can be kept small in time domain calibration case see e.g [11]).
Therefore, a short per-subcarrier feedback is assumed in order
to retransmit accurately the overall T DL CSI (G(¢, v)xknxar)
from users to BS. Thereby, calibration accuracy depends as
well on this feedback efficiency. In [19], authors proposed
a massive MIMO feedback approach using a code-division
multiple-access (CDMA) technique to project the N K x M ma-
trices into unitary M x N, spread matrices mutually orthogonal
with N, > K.M. In this paper, we assume no feedback delay
and interferences, then the DL-CSI is directly re-modulated
by users. The preliminary coding scheme is achieved using
the waveform properties of Zadoff-Chu sequences z.(r,a) =

(=772 FH) with constant amplitude zero auto-correlation



(CAZAC), where «,r € [0,...,N. — 1] and N, the length
of the sequence. Accordingly, the CSI is encoded using a
M x KN, matrix (instead of M x N,,N, > K.M) and we
can use shorter sequences meeting N, << M. A root number
r can be assigned to each user (r < K < N. — 1) such that
we retrieve a specific user signal among several based on the
CAZAC properties. However sequences have to be carefully
selected to keep the orthogonality like illustrated in Fig. 3,
where we plot the inter/auto-correlation of users 3,4 and 12
(r=1{3,4,12}, N, = 32, M =100, N =1 and K = 14 users).
Fig. 3 shows that users do not interfere (zero inter-correlation).

Auto/inter-correlations of user 3, 4 and 12 versus the time

Fig. 3.

Although we observe a peak in inter-correlation of user 4 at the
user location 12, which may suggest interferences, however the
peaks of users 4 and 12 are located at a different time, which
attests no mutual interferences. Subsequently, investigations
with time domain calibration mentioned in [11] are on going
to address efficiently the coupling effects at the user side.

V. COGNITIVE RADIO TRANSMISSION STRATEGY

This section describes the CR transmission strategies based
on calibration, cooperation and beamforming (see Fig. 4).
Assuming per-subcarrier operations, the time/frequency sub-
script (¢,v) will be ignored. We consider that each system
PU/SU is calibrated individually (see Fig. 4) and the BS
know the RF matrices of their respective users. Drawn from
the equation (4), we design the beamformers P, in Pgpg
and P, in Spg using the DL channels G,,, G, estimated
after the reciprocity-calibration. Note that, Ppg transmits

/

Fig. 4. Illustration of the OFDM transmission system with P, Ps, BS
cooperation, the calibration, and the (inverse) fast Fourier transform: (I)FFT.

regardless of the secondary, but broadcasts the pilots refer-
ences to prevent pilot contamination. As in [8], we suppose
that the SU is aware of PU specifications, then Spg listens
the PU UL transmissions and estimates the UL crosslink
channel H,, = Qg GL,Qu1, + nu (nu the estimation
error). Nonetheless, the crosslink DL channel G, is not

entirely estimated by the Spg, since based on equation (8),
Gsp = QuupH], Qs ¢, Where only Qs is estimated by Spg
in the SU calibration step. Sps has no knowledge about the
PU RF matrix Quup. We introduced a signaling in the PU
frame structure (see Fig. 5), such that PU users periodically
send special pilots (psw = wappul) with a compensation
of RF impairments determined after PU calibration. Thus,
using ys = Hpspsw +n = (Q;IZS GEpQEI%p)(QLUppul) +n,
the Spg determines the overall crosslink channel G, as:
GIL, = QF .(Qs .GT(AQuup)Pu)Pl, + ngyp,
- (AQSBSGZPAQMUP)(pulle) +1ngp. 12)

The interesting point is that G, is estimated at Spg only

Normal pilot +-- --Modified pilot

Calibration :uL-Ts 'DL-Ts ' UL-TS ' DL-Ts: Recalibration

* Channel coherence time

Fig. 5. The TDD frame structure in PU with the modified pilot location in
the UL time slots (TS), This modified pilot is broadcast periodically such a
manner that the Spg estimates the crosslink channel.

with the SU RF matrices. Nevertheless, a calibration error from
Qs and Qarw, can affect G, at Spg and finally deteriorate
the PU/SU capacity. These considerations and the transmission
strategy will be evaluated in the next section.

A. Numerical Results

In this section, we evaluate the performances of
the CR scenario. UL/DL channels are all supposed
1i.d complex Gaussian with an attenuation factor in
the frequency domain. We assume the same channel
estimation error in PU and SU n. ~ CN{0,02T}.
Using equation (2), the achievable ergodic DL channel
capacity at PU (C,) assuming imperfect CSIR is given
by: Cp= E [10g2{det(INp + R;plépp(Pp‘I’pPL)Gztp)}] )
Ry = GupXs(Gapxs)' + (00 + 0c)In,, with o2 the variance
of the AWGN at the Rx, uniform power allocation at the Tx
(®, = ﬁpIMp) and single user antenna (/N = 1).

Fig 6 illustrates the DL channel capacity with beamform-
ers. The SU precoder P, compensates the SU interferences,
whereas P, improves the PU transmission with CSIT in
low SNR region (see Cy: Int, No-Prec; Cp: Prec+Int). In the
high SNR region, the interferences from PU to SU are not
well compensated (M, = 10), and decrease the SU capacity
(see Cs: CR Prec+int), also the contribution of PU precoder is
affected by the channel estimation error o2 = 107° (see C):
Prec+int). But as expected, the precoding scheme enhances
the PU/SU capacity when the number of antennas grows
(see Fig 8). However, as mentioned in [3] and illustrated in
Fig. 7 where we vary the SU Tx-power, when the crosslink
Tx power increases the performances collapse (see C,: MM-
Prec), but the SU beamformer solves this problem and keeps
compensating SU interferences (see C,: Int CR-prec) even when
d, increases. Nonetheless, these performances depend on the
crosslink channel estimation accuracy. Fig.7 shows that we
can increase the Tx-power (so the capacity) at the Spg, with
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Fig. 6. PU/SU DL channel capacity according to the SNR, K' = L = 4
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Fig. 7. DL channel capacity versus the SU over PU Tx power L = K = 4,
My = My = 100, with SNR = 20dB, 02 = 1073,

minimal disturbance on PU (underlay CR approach). In Fig. 8§,
we assume all the calibration matrices estimated with an error
n. ~ CN{0,021}, then the crosslink channel is found using
equations (6) (12). We observe that the DL estimation error
grows according to the calibration error and when n. is high
(®/02 < 0dB,d, = &, = ®), the precoders follow a random
beamforming pattern. If 0dB < ®/02 < 10dB, P, generates
additional interferences on PU, though this perturbation is not
observed when PU/SU both use a conventional massive MIMO
precoder [5], however our precoders improve the PU capac-
ity without increasing the number of antennas. Furthermore
Fig. 8 illustrates the benefit provided by SU precoder when
02 < 107*° for M = 100 and o2 < 1072 for M = 200.
Consequently, a trade-off between the number of antennas,
the performances of calibration algorithms and the Tx power
are under investigation. It will be discussed in an upcoming
study with several PU/SU pairs and different channel models.

50 T T ; T T
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—+— Cp: M=200
£ 40 M=
< —6— Cs: M=200
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Fig. 8. PU/SU DL capacity according to ®,,/ o2 (the calibration error), with
L =K =4and SNR =20dB, 62 = 1073, &, = &, = 1.

VI. CONCLUSIONS

In this paper, we propose a reciprocity-based CR beam-
forming exploiting the crosslink channel estimation and the
DL channel at the Tx, both determined through a per-user
reciprocity-calibration. Simulation results show that the CR
precoding scheme reduces considerably the interference from
SU to PU, and large antenna array reduce the uncorrelated
interference generated by PU on SU link. However, these
improvements depend on the reciprocity calibration efficiency
and the CSI accuracy. Finally, this work addresses a practical
issue of massive MIMO, namely the reciprocity assumption,
and the per-user approach provides as well the basis for
further investigations on calibration in MU massive MIMO
with mutual coupling at the two ends of the link.
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