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Abstract—We study the downlink beamforming schemes for
the unlicensed wireless transmission in the cognitive radio
(CR) Z-channel, where a massive multiple-input-multiple-output
(MIMO) secondary base station (SBS) is considered with limited radio frequency (RF) chains and low-cost 1-bit digital-toanalog converters (DACs). In this paper, we design the analog
beamformer based on the singular value decomposition (SVD)
of the channel, and for the digital beamforming, instead of
designing a linear transmit beamforming matrix, we propose to
directly design the transmit signals by exploiting the concept of
constructive interference, where the interference from the SBS
to the primary users (PUs) is also taken into consideration. The
optimization problem is then formulated based on the geometry
of the modulation constellations and is shown to be non-convex.
We then propose to solve the problem in two steps, where
we firstly relax the constraint of 1-bit DACs, followed by the
normalization in each entry of the baseband signals to satisfy
the 1-bit DAC transmission. Numerical results show that the
proposed scheme achieves an improved performance over the
conventional downlink CR beamforming for the massive MIMO
SBS with the hybrid structure and 1-bit DACs.
Index Terms—Massive MIMO, 1-bit quantization, downlink,
constructive interference, cognitive radio.

I. I NTRODUCTION
Cognitive radio (CR) that enables dynamic spectrum sharing
has been widely acknowledged as a promising technique
to improve the radio resource utilization efficiency and the
spectral efficiency. The key idea of CR is to allow the utilization of the licensed spectrum by the secondary users (SUs)
operating in the unlicensed spectrum [1]-[3]. In the underlay
CR networks, the primary users (PUs) in the licensed band
have the highest priority for the spectrum resource without
the need of awareness whether there exist SUs in the CR
network, while the secondary network can gain access to
the licensed spectrum as long as the interference from the
secondary base station (SBS) to the PUs is below a predefined threshold [2]. When multiple-input multiple-output
(MIMO) systems are considered for CR networks, a fundamental problem is to design the downlink beamforming
schemes for SBS to guarantee the quality of service (QoS)
for the PUs, while enable the opportunistic transmission of
the unlicensed SUs. Since then, transmit beamforming for CR
networks has been a popular research topic, and some existing
beamforming schemes targeting at signal-to-interference-plusnoise ratio (SINR) balancing, power minimization, and interference exploitation for the underlay CR networks have been
proposed, which can be found in [4]-[8].

Towards the fifth generation (5G) and future wireless communication standards, massive MIMO techniques have become
increasingly popular [9], which can greatly improve the spectral efficiency of the wireless networks with the knowledge of
the channel state information (CSI). However, the consequent
increasing hardware complexity and power consumption due
to the increase in the number of antennas have hindered its
application in practice. One promising technique is to employ
the hybrid structures [10]-[13], where the power consumption
is reduced dramatically by reducing the number of radio
frequency (RF) chains. For the hybrid beamforming structure,
the beamforming is divided into the analog domain and digital
domain, where phase shifters are applied to provide highdimensional phase-only controls in the analog domain, while
in the digital domain low-dimensional digital processing is
applied to manage the multi-stream interference. The hybrid
beamforming scheme for single-use transmission has been
studied in [10], and then extended to the case of multi-user
transmission in [11][12].
In addition to the hybrid structures, another potential technique that has recently received research attention tries to
reduce the power consumption per RF chain, which is achieved
by employing very low-resolution digital-to-analog converters
(DACs) instead of high-precision DACs. It is known that
the power consumption of DACs grows exponentially with
the increase in the quantization precision [14], and therefore
the application of 1-bit DACs can greatly reduce the power
consumption for each RF chain and consequently the total
power consumption of the BS. Moreover, the output signals for
1-bit DACs are equivalent to constant-envelope symbols from
a QPSK constellation, which enables the use of low-cost power
amplifiers (PAs) and can further reduce the hardware complexity. Due to the above benefits, downlink beamforming schemes
for massive MIMO with 1-bit DACs have been proposed [15][19]. While there have been studies on the topics of both
hybrid structures and 1-bit DACs, the combination of hybrid
structure with 1-bit DACs for the downlink transmission and
its application to CR networks has not yet been reported in
the existing literature.
Therefore in this paper, we study the downlink beamforming
schemes for the underlay CR Z-channel, where a massive
MIMO SBS with the hybrid structure and 1-bit DACs is
considered. In the proposed scheme, we employ the channeldependent analog beamforming scheme that is based on the
singular value decomposition (SVD). In the digital domain,

Fig. 1: Cognitive radio network topology with K SUs and L PUs, and hybrid 1-bit massive MIMO SBS

due to the application of 1-bit DACs, the performance of
conventional digital beamforming schemes can be greatly
affected due to the coarse quantization. Therefore, instead of
designing the beamforming matrix, we propose to directly
obtain the low-dimensional signal vector by exploiting the
constructive interference (CI) [20]-[23]. The linear beamforming optimization for CI was firstly proposed in [21], and CIbased beamforming schemes have been further studied in [22],
[23], where the optimization problem is formulated based on
the geometry of the modulation constellations. In this paper,
due to the constraint on the output signals of 1-bit DACs, the
resulting optimization problem is not convex. We then propose
to solve this problem in two steps, where in the first step the
strict constant modulus constraint on the output signals of 1-bit
DACs is relaxed, such that the optimization problem becomes
convex and can be efficiently solved. Then in the second step,
we apply an element-wise normalization on the signal vector
obtained by the relaxed optimization problem to meet the
constraint of 1-bit DACs. The numerical results show that the
proposed scheme can achieve an improved performance over
the conventional downlink CR beamforming for the considered
scenario, when the massive MIMO SBS employs the hybrid
structure and 1-bit DACs. Another important observation is
that the hybrid structures with 1-bit DACs require a larger
number of RF chains to combat the loss by quantization and
achieve a satisfactory performance.
N otations: a, a, and A denote scalar, vector and matrix,
respectively. (·)T and (·)H denote transposition and conjugate
transposition, respectively. k·k denotes the Frobenius norm, |·|
denotes the modulus, and C n×n represents an n × n matrix in
the complex set. ℜ(·) and ℑ(·) denote the real and imaginary
part of a complex number, respectively.
II. S YSTEM M ODEL AND C ONVENTIONAL CR
B EAMFORMING
We consider a single-cell single-carrier downlink CR system
with Z-channel, where the SBS employs massive MIMO with
the hybrid structure and 1-bit DACs, as depicted in Fig. 1.
We denote NSU and NRF as the number of transmit antennas
and RF chains, and L and K as the total number of singleantenna PUs and SUs in the CR network respectively, where
we have assumed Nt ≫ NRF > K. The considered Z-channel
has been introduced in [24], where the interference from the
SBS to the PUs is considered, while the interference from the

primary BS to the SUs is assumed negligible. Such scenarios
is most suitable when the cognitive network is far from the
primary BS. Our focus in this paper is the beamforming design
at the transmitter, and perfect CSI is assumed throughout the
paper. We denote the transmit signal vector from SBS as s ∈
C K×1 , which in line with the closely related literature [15][19] is assumed to be from a normalized QPSK constellation,
and the proposed scheme in this paper trivially applies to other
PSK and QAM modulations.
For the hybrid structure, we denote FRF ∈ C NSU ×NRF
as the analog beamformer implemented with phase shifters
in the analog domain, and each entry of FRF is of constant
modulus. When a fully-connected RF structure is considered
[10], as assumed in this paper and shown in Fig. 1, FRF can
be expressed as
FRF = [f1 , f2 , ..., fNRF ] ,
NSU ×1

where each fk ∈ C
entry of FRF to satisfy

(1)

. In this paper, we normalize each

|fk (m)| = 1/NSU , ∀m ∈ {1, 2, ..., NSU } .

(2)

At the transmitter side, we denote the unquantized signal
vector in the digital domain as x̂BB ∈ C NRF ×1 that is formed
based on s, and therefore the signal vector x̂BB can be
expressed as
x̂BB = B (s) ,
(3)

where B denotes a general linear/non-linear mapping scheme
dependent on s. When a conventional downlink CR beamforming with infinite-precision DACs is considered for the hybrid
structure, B is a linear mapping matrix and is commonly
denoted as a beamforming matrix W = [w1 , w2 , ..., wK ]. In
this case, x̂BB = Ws and the received signal for the k-th SU
is obtained as
X
yk = hk FRF Ws+nk = hk FRF wk sk +hk FRF
wj sj +nk ,
j6=k

(4)
where hk ∈ C 1×NSU denotes the flat-fading Rayleigh channel
vector from SBS to the k-th SU, and nk is the circular
symmetric Gaussian distributed additive noise with zero mean
and variance σ 2 . Then, the received SINR can be expressed
as
|hk FRF wk |2
.
(5)
SINRk = P
2
|hk FRF wj | + σ 2
j6=k

The interference from the SBS to the l-th PU can be obtained
as
K
X
2
Il =
|gl FRF wk | ,
(6)
k=1

where gl denotes the channel vector between SBS and l-th PU.
The conventional downlink SINR balancing CR beamforming
problem for the hybrid structure can then be formulated as
P0 : max γ
γ,wk

s.t. SINRk ≥ γ, ∀k ∈ K
Il ≤ Γl , ∀l ∈ L
K
X

k=1

(7)

2

kwi k ≤ P

where γ is an introduced variable, K = {1, 2, ..., K}, L =
{1, 2, ..., L}, and Γl is the maximum interference allowed
by the SBS for the l-th PU, which is also known as the
interference temperature. P is the maximum transmit power
at the SBS. The problem P0 is feasible if the interference and
power constraint have a non-zero feasible point. When only the
hybrid structure is employed at the SBS, the hybrid downlink
CR beamforming P0 can be solved by considering the effective
channel ĥk = hk FRF , ĝl = gl FRF and following the
bisection method or iterative algorithms for the conventional
CR downlink beamforming in [3]-[5].
When the hybrid structure and 1-bit DACs are both employed at the SBS, the output signal vector xBB of the 1-bit
DACs is obtained as
xBB = Q (x̂BB ) ,

(8)

where Q denotes an element-wise 1-bit quantization in the
real and imaginary part of x̂BB . Each element in the output
signal
o of 1-bit DACs therefore belongs to the
n vector xBB
set ± √12 ± √12 j . In this case, we can express the received
signal at the k-th SU as
yk = hk xT + nk = hk FRF xBB + nk .

(9)

When 1-bit DACs are employed and the quantization is considered, the formulation of hybrid downlink CR beamforming
P0 is no longer valid, because 1) it is difficult to calculate
the exact expression of the received SINR; 2) it is difficult to
optimize the beamforming vectors that satisfy the output signal
constraint on the 1-bit DACs, which leads to the following
approach based on the CI formulation.
III. H YBRID T RANSMISSION S CHEME BASED
C ONSTRUCTIVE I NTERFERENCE

ON

In this section the proposed hybrid transmission scheme is
introduced, where we design the analog beamformer solely
dependent on the channel variations. This design has the
following advantages: 1) The low-dimensional digital beamformer can be designed based on the effective channel expression, and there is no need to iteratively update the analog
beamformer and the digital beamformer; 2) the phase shifters

can operate on a frame-by-frame basis instead of symbolby-symbol, and only need to change their phases when the
channel varies, which is easier to be implemented in practice.
As for the digital beamforming, a symbol-by-symbol design
is still required since the output signals that need to satisfy
the output constraint on 1-bit DACs are dependent on the data
symbols, which is similar to existing schemes for 1-bit DACs
[18][19]. It is this aspect of the transmission that allows us to
observe interference from an instantaneous point of view, and
exploit it constructively.
A. Analog Beamforming Design based on SVD
For simplicity the analog beamformer is designed based
on SVD, which is only dependent on the channel. We firstly
denote the
matrix from SBS to SUs in a compact form
 channel
T
T
T
as H = h1 , h2 , ..., hTK , and we then express the SVD of
H as
H = UΛVH ,
(10)
where U and V = [v1 , v2 , ..., vNSU ] are unitary matrices
that contain the left- and right-singular vectors, and V ∈
C NSU ×NSU . Then, we pick the first NRF columns of V and
perform an element-wise normalization, and these column
vectors after normalization satisfy the constant-modulus constraint of the phase shifters and are selected as the analog
beamformers, expressed as
fk (m) =

1 j·φm
, ∀m ∈ {1, 2, ..., NSU } ,
e
NSU

(11)

where φm is the phase of the m-th entry in vk . The above analog beamforming scheme is designed for the fully-connected
structure that is assumed in this paper, and the extension to
partially-connected structures [12], [13] is trivial. Moreover,
other analog schemes such as discrete Fourier transform (DFT)
codebooks or matched filtering [25] can also be efficiently
applied upon the digital beamforming scheme introduced in
the following.
B. Constructive Interference based Digital Beamforming
Thanks to the fact that the analog beamformer is solely
dependent on the channel matrix, the low-dimensional digital
beamforming scheme can be designed in an efficient way. We
firstly express the equivalent user-to-RF channel as
He = HFRF ,

(12)

where He ∈ C K×NRF . based on which we design the digital
scheme. For a massive MIMO system, it is commonly known
that the channel matrix is near-orthogonal [9]. Nevertheless,
with the hybrid beamforming structure, the resulting equivalent
user-to-RF channel He is no longer near-orthogonal, which
enables the low-dimensional digital beamforming design based
on CI.
CI is defined as the interference that pushes the received
symbols away from the detection thresholds of the modulation
constellation so that a better detection performance can be
obtained [20]-[23]. The exploitation of the CI is firstly introduced in [20] to improve the performance of ZF beamforming

where λk is an introduced complex variable, ĝl = gl FRF
is the effective channel between SBS and l-th PU, xn is the
n-th entry in xBB and N = {1, 2, ..., NRF }. In P1 , each
xn needs to satisfy the output constraint for 1-bit DACs. The
constructive phase constraint on each λk in the optimization
can be explained geometrically in Fig. 2 as follows, where
for simplicity we focus on one quarter of the normalized
QPSK constellation that corresponds to the constellation point


→
→
√1 + √1 j . In Fig. 2, we assume OA = t·sk and OA = t
2
2
is the objective function to be maximized. We assume the
point ‘B’ in Fig. 2 represents the noiseless received signal
ĥk xBB that is located in the constructive region, and we
→
denote OB = λk sk with the introduced complex variable λk .
Based on the geometry we can further obtain that

Fig. 2: Constructive region for one quarter of QPSK

→

scheme, where the angles of the interfering signals are controlled and strictly rotated to the phase of the desired symbols.
Further studies in [23][22] have shown that the interfering
signals may not necessarily be strictly aligned to the phase of
the desired symbols, and additional performance gains can be
obtained as long as the resulting interfered signals are located
in the constructive region, within which the distance to the
decision thresholds is increased. While we focus on the QPSK
modulation in this paper, the extension to other PSK and QAM
modulations are applicable, and we kindly refer the readers to
[26][27] for a detailed description.
For the digital beamforming design, we firstly decompose
the equivalent channel He into
iT
h
(13)
He = ĥT1 , ĥT2 , ..., ĥTK ,
where each ĥk ∈ C 1×NRF represents the equivalent RF
channel of the k-th SU, and the received signal for the k-th
SU is then expressed as
yk = ĥk xBB + nk .

(14)

Then, we propose to exploit the CI to maximize the distance
between the constructive region and the detection threshold
(to improve the performance of SUs as much as possible)
by directly optimizing the output signal vector xBB , while
constraining the interference from the SBS to the PUs, and
the optimization problem can be formulated as
P1 : max t

t≥0

where geometrically the imaginary unit ‘j’ denotes the angle
rotation of 90o . Then, tan θAB can be obtained as
tan θAB =

|ℑ (λk ) sk |
|ℑ (λk )|
|CB|
=
=
.
|AC|
|[ℜ (λk ) − t] sk |
ℜ (λk ) − t

(17)

→

Then, to have OB located in the constructive region is
equivalent to the following condition
tan θAB ≤ tan θt ⇒ [ℜ (λk ) − t] tan θt ≥ |ℑ (λk )| ,

(18)

where for M-PSK, the angle threshold θt is given by
π
.
(19)
θt =
M
For QPSK modulation, as considered in this paper, (18) is
further simplified into
ℜ (λk ) − t ≥ |ℑ (λk )| ,

(20)

which then leads to the constructive phase constraint in P1 .
Due to output constraint for the 1-bit DACs, we can observe
that the optimization problem P1 is non-convex. To solve the
above optimization problem in an efficient manner, in this
paper we relax the strict modulus constraint for each xn on its
real and imaginary part respectively, and the relaxed conditions
for each xn is expressed as
1
1
|ℜ (xn )| ≤ √ , |ℑ (xn )| ≤ √ , ∀n ∈ N .
(21)
2
2
Then, the optimization problem P1 can be reformulated into
its relaxation P2 as
x̂BB ,t

s.t. ĥk xBB = λk sk , ∀k ∈ K

k=1

(16)

P2 : max t

xBB ,t

ℜ (λk ) − t ≥ |ℑ (λk )| , ∀k ∈ K


1
1
xn ∈ ± √ ± √ j , ∀n ∈ N
2
2
K
X
|ĝl xBB |2 ≤ Γl , ∀l ∈ L

→

AC = [ℜ (λk ) − t] sk , BC = j · ℑ (λk ) sk ,

(15)

s.t. ĥk x̂BB = λk sk , ∀k ∈ K
ℜ (λk ) − t ≥ |ℑ (λk )| , ∀k ∈ K
1
1
|ℜ (x̂n )| ≤ √ , |ℑ (x̂n )| ≤ √ , ∀n ∈ N
2
2
K
X
|ĝl x̂BB |2 ≤ Γl , ∀l ∈ L
k=1

t≥0

(22)

ℑ (x̂n )
ℜ (x̂n )
+√
j, n ∈ N .
xn = √
2 · |ℜ (x̂n )|
2 · |ℑ (x̂n )|

(23)

We note that, while we relax the modulus constraint for the
output signals in the optimization problem P2 , our simulation
results show that most of the real part and imaginary part of the
obtained x̂BB by P2 actually satisfy the modulus constraint,
and only a small portion of x̂n do not meet the constraint
of 1-bit DACs, and we only need to normalize these x̂n to
satisfy the constraint. Finally, a normalization is applied so
that the power constraint of the original problem is met. For
completeness, the proposed constructive hybrid beamforming
scheme is then summarized in Algorithm 1.
IV. N UMERICAL R ESULTS
In this section we present the numerical results of the
proposed schemes based on Monte Carlo simulations. We
assume each entry in the channel vectors is i.i.d. and follows
the standard Gaussian distribution. We compare our proposed
scheme (‘Proposed CI’) with both the linear ZF scheme
(‘ZF Hybrid 1-Bit’ [17]) and the optimization-based hybrid
CR beamforming with 1-bit DACs (‘SB Hybrid 1-Bit’). ‘SB
Hybrid 1-Bit’ is a direct combination of P0 with 1-bit DACs,
whose output signal is obtained as xBB = Q (Ws), where W
Algorithm 1 Proposed Constructive Beamforming for Hybrid
1-bit Massive MIMO CR Network
input : H, s
output : F∗RF , x∗BB
H = UΛVH , V = [v1 , v2 , ..., vNt ]
Obtain each fk based on (11), then FRF = [f1 , f2 , ..., fNRF ]

T
He = HFRF , He = hT1 , hT2 , ..., hTK
Solve P2 and obtain x̂BB , x̂BB = [x̂1 , x̂2 , ..., x̂NRF ]T
for n = 1 : NRF do
if |ℜ (x̂n )| < √12 then
ℜ (x̂n ) =
end if
if |ℑ (x̂n )| <

ℜ(x̂n )
√
2·|ℜ(x̂n )|
√1 then
2
ℑ(x̂n )
√
2·|ℑ(x̂n )|

ℑ (x̂n ) =
end if
end for
F∗RF = FRF , x∗BB = P · x̂BB /kF∗RF x̂BB k
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where we denote the relaxed signal vector and its entry
obtained by P2 as x̂BB and x̂n respectively. It is then observed
that the optimization problem P2 is a second-order cone
programming (SOCP) problem and can be efficiently solved
by standard convex optimization techniques. Since the relaxed
constraint cannot always guarantee a strict equality on both
the real and imaginary part of each x̂n , we need to force each
entry of x̂BB to satisfy the constraint of the output signals
with 1-bit DACs. To be specific, after we obtain the solution
of P2 , we proceed to impose an element-wise normalization
on x̂BB for the real and imaginary part, and the resulting final
solution xn can be obtained as
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Fig. 4: BER v.s. number of RF chains NRF , NSU =128, K=4,
L=2, SNR=-5dB, Γl =0 dBm, ∀l ∈ L
is obtained by solving P0 . We further include the fully-digital
ZF scheme (‘ZF FD’), the hybrid ZF scheme with ideal DACs
(‘ZF Hybrid Ideal’), and solution of P0 (‘SB Hybrid Ideal’)
as performance benchmarks.
Fig. 3 compares the bit error rate (BER) performance with
the increasing transmit SNR. For ideal DACs, it is observed
that ‘SB Hybrid Ideal’ can achieve a similar performance to
‘ZF FD’ and ‘ZF Hybrid Ideal’ for SUs, while can keep the
interference to PUs below the threshold. For 1-bit DACs, it
is observed that ‘SB Hybrid 1-Bit’ achieves the worst BER
performance, while a significant performance gain can be
observed for the proposed scheme. We further mention that
the interference to PUs for the proposed scheme is also much
smaller than the direct combination of CR beamforming with
1-bit DACs, which will be shown in Fig. 5.
In Fig. 4, we show the BER performance to the number
of RF chains, where the transmit SNR is -5dB. It is observed
that the performance of fully digital scheme and hybrid scheme
with ideal DACs is not significantly affected by the number
of RF chains. While the performance of ‘SB Hybrid 1-Bit’
is not improved dramatically, we can observe a significant
performance improvement for the proposed scheme with the
increase in the number of RF chains.
In Fig. 5, we compare the interference from SBS to PUs
with the increase in the number of RF chains. Compared to
‘SB Hybrid 1-Bit’ which cannot guarantee that the interference
threshold is met due to the 1-bit quantization, we can observe
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Fig. 5: Interference to PUs v.s. number of RF chains NRF ,
NSU =128, K=4, L=2, SNR=-5dB, Γl =0 dBm, ∀l ∈ L
a significant performance gain for the proposed scheme based
on CI. We further observe that the hybrid structure with 1bit DACs requires a larger number of RF chains to combat
the quantization loss by 1-bit DACs and achieve a satisfactory
performance.
V. C ONCLUSION
In this paper, we propose a CI-based transmission scheme to
enable the utilization of licensed band to users operating in the
unlicensed band. We employ the singular value decomposition
of the channel to obtain the analog beamformer, while we
directly optimize the output signals of the DACs based on
the CI in the digital domain. A two-step approach is then
proposed to solve the non-convex optimization problem. It
is shown in the simulation results that the proposed scheme
outperforms the case where the conventional SINR balancing
CR beamforming scheme is applied to the system with 1-bit
DACs.
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