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ABSTRACT

Phase-only beamforming presents certain advantages in radar and
communication systems. In cognitive radio, antenna and user se-
lection are the two tools for increasing the quality of service (QoS)
for the users. In this paper, discrete single group multicast trans-
mit phase-only beamformer design is presented with antenna subset
and user selection. The problem is converted into linear form and
solved efficiently by using mixed integer linear programming to find
the optimum subset of antennas and secondary users together with
optimum beamformer phase coefficients. It is shown that significant
power saving is possible compared to fixed antenna systems.

Index Terms— Transmit beamformer, discrete beamformer,
mixed integer linear programming, antenna selection

1. INTRODUCTION

In this paper, secondary broadcast network is considered where cog-
nitive base station is equipped with an antenna array. The objective
is to transmit a common information to all the secondary users while
guaranteeing that the interference on the primary users are below
interference temperature in accordance with spectrum underlay per-
spective of spectrum sharing problem [1]. When the interference
limits dictated by the primary network are demanding and the num-
ber of primary users is large, admission control or secondary user
selection at the cognitive base station becomes a critical task [2],
[3]. The main goal in user selection is to maximize the number of
secondary users while minimizing the total transmitted power and
interference to the primary users.

Transmit antenna selection for the most appropriate antenna sub-
array is an important problem [4], [5]. Selecting the best antenna set
from a larger set of available antennas is an effective approach to
reduce hardware cost and complexity. Antenna selection results less
transmit power and increases the number of serviced users.

Multicast beamforming problem is usually investigated in con-
tinuous case where the beamformer weight vector has continuous
amplitude and phase [6], [7]. The continuous problem is nonconvex
and NP-hard even for single group multicasting [7], [8]. Hence op-
timum solution is not guaranteed for the existing approaches. For
practical wireless scenarios where the number of users is larger than
the antennas, the performance of the well known techniques de-
grades as the number of users increases [7], [9], [10].

Motivated by the shortcomings of aforementioned approaches,
we propose discrete structure for broadcast beamforming. Discrete
structure is more suitable for fabrication, decreasing the system com-
plexity and cost as well as increasing the controllability [11], [12].
In practical cases, the exact adjustment of continuous beamformer
weight vector may result in energy loss or is not possible since phase
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shifters and amplifiers might not work continuously [12]. Further-
more, in order to decrease complexity, codebook based beamform-
ing has gained more attention in many standardized systems, such
as 3GPP LTE [13]. Recently, beamforming antennas with discrete
phase shifters are the key technology of millimeter wave commu-
nication systems where it is possible to obtain higher data rate and
performance [13].

Although there exist several previous works on user and an-
tenna selection separately in broadcast cognitive scenario [2], [3],
[4], [14], there is not much work on joint selection of users and
antennas. In some previous papers, optimum discrete phase-only
[15] and optimum discrete phase and amplitude [16], [17] transmit
beamformer designs are considered in the absence of primary net-
work. This paper extends the work in [17] by including antenna and
user selection into the problem in cognitive broadcast scenario. The
proposed method finds the optimum secondary user subset as well
as the best L out of M antennas together with the optimum phase
terms of the transmit beamformer in cognitive radio scenario. The
original nonconvex and highly nonlinear problem is converted to a
linear form using some nontrivial transformations and integer opti-
mization methods. The final form of the problem is appropriate for
mixed integer linear programming which can be solved effectively
with the state-of-the art integer programming solvers using branch
and cut algorithm. To the best of our knowledge, this paper is the
first work which presents an optimum solution to the joint problem.

2. SYSTEM MODEL

It is assumed that there are M antennas in the secondary base station
and broadcast signal, s(t), is transmitted to N, secondary users each
having a single antenna. There are N, primary users. The signal
transmitted at the secondary base station is x(t) = s(t)w where w
is the M x 1 complex beamformer weight vector. The received signal
at the k'™ secondary user is y (t) = hi x(t)+nk(t), k = 1,... Ns.
Here, hy, is the M x 1 complex downlink channel vector for the k%"
secondary user, ny is the additive white noise uncorrelated with the
source signal and its variance is o'7. In this case, signal-to-noise ratio

2 H 2
(SNR) for the k'™ secondary useris SN Ry, = M
Tk

o2 is the source signal variance. o2 = 1 is selected without loss of
generality throughout the paper. The interference towards the "
primary user is, 7} = E{|w" g;|?}, where g; is the M x 1 complex
channel vector for the 1! primary user.

It is assumed that only L out of M antennas can transmit the
broadcast signal. The goal is to jointly select the best L anten-
nas, and find the corresponding beamforming vector w such that
the transmission power is minimized, subject to receive-SNR con-
straints per secondary user and interference constraints per primary
user. Let Ry = E{hkth} and G; = E{glng} denote the channel

, Where

ICASSP 2015



covariance matrix of the k' secondary user and [*" primary user
respectively and they are known at the secondary base station. Con-
sidering Pqy, as the per-antenna power and Py, ,,, as the maximum
antenna power, phase-only continuous problem can be written as fol-
lows,

Pl Wlfrelé:lﬂllW wiw (1.a)
st. wIRyw > veoi, k=1,..., N, (1.b)
wlGw<e, I=1,..,N, (1.0)

(ww),i € {0, Pan} i=1,... M (1.d)

wwW = LP.,., Pan < Pan,,.. (le)

where -y and ¢; denote the desired SNR for the k" secondary user
and the interference threshold for the I*" primary user respectively.
Solving the above problem requires a combinatorial search over all
(") NP hard problems [4], [7]. The discrete phase version of P1
can be written as,

P2 min wiw (2.2)
wecM

st. wiRyw > wor, k=1,...,N, (2.b)
wiGw<e, 1=1,..,N, (2.0)
wi = iV Pane¥t i=1,.., M 2.d)

M
ae{01} i=1,...M, Y a=1L (2.)

i=1

n 360°

i € {0, 80,270, .., (2" — DAG}, Af = =7 2.5
P(l’ﬂ S Panmam (2~g)

where w; is the i*" element of the beamformer vector w and ; is
the discrete phase with n bits. «; is the antenna selection coefficient.
A is the discrete step size for phase.

In order to convert nonconvex and nonlinear problem P2 to a
linear form, an intermediate problem setting is used. Hence in the
following part, P2 is shown to be equivalent to P3 which leads to
further exploitation.

Theorem 1: P2 is equivalent to the following problem in P3 up
to a scale factor in the sense that their optimum solutions differ only
by a real scalar.

P3: max t (3.a)
weCcM
st. WIRyw > tyeor, k=1,...,Ns (3.b)
wilGw<teg, 1=1,..,N, (3.c)
wi = air/Pan,, %" i=1,..,M (3.d)
M
a; €{0,1} i=1,..,M, > o;=1L (3.e)
i=1
n 360°
i € {0,40,2A0, ., (2" — AG}, A9 = =7 (3.9
t>1 (3.9)

Proof: Assume that P2 is feasible, its optimum solution is w1
and the associated per-antenna power is P,n,. It is easy to see
that at least one of the secondary user SNR constraints in (2.b)
should be met with equality. Otherwise w1 could be scaled down,

thereby improving the objective function. Then \/ Pan,,.. / Pan, W1

satisfies the constraints of P3 with the associated variable t; =
Ponppaw/Pan, > 1. Hence P3 is feasible if P2 is feasible. Let
{w2,t2} be the optimum solution of P3. ¢z can only be greater
than or equal to ¢;. If ¢2 is strictly greater than ¢4, then it is possible
to satisfy the constraints of P2 using \"/"—% whose per-antenna power

1S Papy, = %Panl < Pun,, which is a contradiction. Therefore

to = t1 and wo = \/Pan,,u./Pan, W1 is the optimum solution.
At this point, we have shown that whenever P2 is feasible, the op-
timum solutions of both problems are the same up to a scale factor.
If P2 is not feasible, the constraints of 772 will not be satisfied even
with Py, = Pan,,..- Hence, for the same problem setting (SNR
and interference threshold values, 7, €; and noise variance, ai) no
solution can be found for P3, otherwise a feasible solution can be
found for P2 by scaling down the solution of P3.

3. USER SELECTION

P2 and P3 are not always feasible due to the interference limita-
tions. In order to improve the feasibility, user selection schemes
can be used such that the best user subset with the least transmitted
power is chosen [2], [3], [14]. In this paper, a joint optimum user
and antenna selection method is presented for the best QoS result.
Theorem 2: Let w,,;, be the optimum solution of P2 which satis-
fies the QoS constraints of optimum secondary user subset /C. This
subset consists as many users as possible where |KC.| is the number

of serviced secondary users. If A > (max %LPG ) and
Tk
B > (max %LPG
o O'k
problem P4 is the same as w,,, up to a positive scale factor.

NMmax

— 1), the optimum solution of the

Nmax

P4 : max

weCM Xy

Ns
t+BY A (d.)
k=1

s.t. wiRyw + A(l - )\k)’ykai > tfyka,%, k=1,...,Ng

(4.b)
wHle <teg, l=1,..,Np (4.c)
w; = i/ Panpo, €V i=1,..,. M (4.d)
a; €{0,1} i=1,...,. M (4.e)
M €{0,1} k=1,..,N, (4.£)
Ng M
D=L > =L, t>1 (4.2)
k=1 =1
n 360°
i €{0,00,200, ..., (2" ~ 1)AG}, MG = =T (4.h)

Proof: Assume that the optimum solution of P2 with user selection
is {w1, K1 }. The associated per-antenna power is Py, . |K1| shows
the number of users in the set 1. At least one of the SNR constraints
of the secondary users in the set K is satisfied with equality. Then
v/ Panran [ Pan, W1 satisfies the constraints of P4 with A\, = 1 for
k € Ki. Note that when the user selection coefficient A\, = 1,
the k" user is selected and its associated SNR constraint in (3.b) is
satisfied. Otherwise, for the secondary users which are not in Ky,
A = 0, A is large enough and (4.b) is satisfied independent of
wi R, w value. If A is larger than the upper bound for ¢, (4.b) is
always satisfied for Ay = 0. The upper bound for ¢ can be found
from (4.b) assuming that A\, = 1, i.e.,
H
N Tr{Rrww" } < max Tr{RQk}L

t < ma 5 <
k VkOj k YO}

anmax — tmaz

2725



Hence A > (maxy TT{R’“}LPMMN) should be satisfied. Then

{mwh t1, ICl} is a feasible solution to P4 where the

value of ¢ in (4.a) becomes t1 = Pan,,,,/Pan, > 1. Hence P4 is
feasible if P2 can be solved for at least one secondary user. Note
that the feasibility of P4 leads to feasibility of P2 with user selec-
tion which can be shown in a similar manner. In the following part,
the equivalence between the two problems is shown.

Let {wg,t2, K2} be the optimum solution of P4. The optimum
number of users for P2 and P4 can be compared in three cases,
namely [KC2| > |K1], [K2| < |K1] and [K2| = |K1| respectively.
These three cases are investigated in sequence.

Case 1: Assume that |KC2| > |K1]. Then it is possible to find a solu-
tion for P2 with the number of secondary users greater than |/Cy | by
scaling wo with y/%2. Hence |K2| > |K1] is not possible.

Case 2: Assume that [KC2| < |K1|. The number of secondary users
can be given as Z]kvil A = |K|. Since {wao,t2, K2} is assumed
to be the optimum solution of P4, its objective value is greater than
that of {\ / P‘l”'rna,;n /P(mlwl, t1, K:1}, i.e., to +6"C2| >t +,6|IC1 |
Manipulating this inequality results tmaz — tmin > t2 — t1 >
B(IK1| — |K2]), where tmin = 1 from (4.g). Then we obtain,
|1C1| — |’C2| < %, ie.,

TT{Rk}L 1

an -
’Yk k maxr

B

maxg

IK1] = |K2| <

<1 (5)

where we used the condition for S i.e., 8 >
(maxy %LF 1). Since |1 |—|Ka| > 1 (K1, |Ka| €

aNmax

Z1) from the assumption in Case 2, (5) becomes a contradiction.
Hence Case 2 is not possible.

Case 3: Therefore there is only one case left which is |[IC2| = |K4].
Hence the number secondary users for P4 is the optimum number
of users. In this case, t2 can only be greater than or equal to ¢;. If
to is strictly greater than t1, then it is possible to satisfy the QoS
constraints of |KC2| secondary users together with the interference
constraints in (2.b) and (2.c). This can be done by scaling wa, i.e.,
\"/"—%. The per-antenna power then satisfies the following inequality,

Panmas

ie., Pon, = —maz = %Panl < Pan,. This is a contradic-

tion. Hence t2 = t1 and wo = / Pan,,... / Pan, W1 is the optimum
solution. At this point, we have shown that solving P2 with user

selection is equivalent to solving 7P4. Note that C; and /C; sets may
be different corresponding to different optimum realizations of the

solution. Hence {\/Pan,,o./Pany W1, t1, K1} is also an optimum

solution to P4 since K; and K2 give the same objective value.

In the following section, the nonlinear problem P4 is converted
into linear form in order to solve it effectively using mixed integer
linear programming.

4. DISCRETE OPTIMIZATION IN LINEAR FORM

Using the same approach in [5], [16] and [17], it is possible to show
that P4 can be converted to P5 perfectly. This new form is com-
posed of linear expressions in terms of new optimization variables
and suitable for mixed integer linear programming. The details of
this conversion can be found in the above references and skipped

due to space limitations. Hence the linear form is given as,

Ns
P5: max t+p6 Z Ak (6.2)
Vi Ui psQi,p,0i,prsAk 1
M—-1 M
sty Z 2k Wip+ k(1 —vi(1))
i=1 p=i+1 =1
+A(1 = )y ka,% > tyor k=1,..,Ns (6.b)

M-1
E E zlz; Ui,p

i=1 p=i+l1

M
> (1 —w(1) < te

i=1

d” w0, =d”

I=1,..,N, (6.c)

(=vi+vp) +a;p2" (6.d)

Aip, Ak, vi(m), uip(m) € {0,1} (6.¢)
bip >0, b p+2"(1 —up(l)) <27 (6.1)
—1 < (1) +vp(1) — 2ui,(1) <0 6.9)
M Ng
Do) =M—-L, > M>1,t>1 (6.h)
i=1 k=1
on 41 om1
vilm) =1, Y uip(m) = 1. (6.0)
m=1 m=1
i=1,2,...M—1,p=i+1,.. M,
k=1,.,Ns,m=1,..,2"+1
whered = [0012. cos(O A0) cos(1

2" —1 } c=10

Af) ... cos((2™ — 1) A@)} , s = [0 sin(0- Af) sin(1
A0) ... sin((2" — 1) - AO)T zsk i 2lemw|Rk(z D)
(cos(£Ry(i,p))c — sm(ZRk(z P))s), ZP1,i.; = 2Pan,p0s
|G1(i, p)|(cos(£LGi(i, p))c — sin(LG(i, p))s),
Yri = Panmas Bi(i,7) and y7'; = Panypas Gl(z 7). In P5, t and
b;,p are the only continuous variables. The remaining variables are
all binary. When P5 is feasible, the global optimum can be found
using mixed integer linear programming [18], [19], [20], [21] with
branch and cut technique.

Once the solution for v;’s are found, the phase angles and the
antenna selection coefficients of the beamformer vector are obtained
as,

T
¢i = fzp Vi,

where f;, = [00 Af ... (2" —1)A0 T
can be obtained by considering Ak, k = 1,...,
indicates that the user is selected.

ai=1-v(1) i=1,..,M 7
= A#d. The selected users
Ns, where A\, = 1

5. SIMULATIONS

In the simulations, ”Gurobi” [18] which is an efficient mixed inte-
ger linear programming solver is used by employing the branch and
cut strategy. The evaluation of the proposed method is performed
for Rayleigh fading channels. The maximum antenna power is se-
lected as Pan,poe = 4—£W in accordance with the maximum down-
link power of LTE systems [22].

In the first experiment, L. = 3 antennas are selected from M
antennas. There are N, = 12 secondary and N, = 3 primary users.
The interference limit for each primary user is taken as ¢; =-6 dB.
Fig. 1 shows the average number of selected secondary users for
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secondary user SNR threshold, ~,. For antenna selection, M = 6
and M = 9 antennas are considered. Different number of bits are
used for discrete phase angle, namely n = 3, n = 4 and n =
5 respectively. The average of 100 random channel trials at each
point is presented in this figure. As the SNR threshold of secondary
users increases, the number of secondary users which can be served

i
N

=
¥ %000

©
T

-A-M=L=3, n=3 bits
3, n=4 bits
3, n=5 bits
—s=M=6, L=3, n=3 bits
—#—M=6, L=3, n=4 bits
—#—M=6, L=3, n=5 bits
@ M=9, L=3, n=3 bits
@ M=9, L=3, n=4 bits

decreases. There is a significant increase in the number of serviced
secondary users for the antenna selection case. Although using more
bits for phase improves the solution, the effect of antenna selection
is more significant. More users can be served as M is increased
relative to L for the same user SNR threshold.

In the second experiment, total transmitted power is compared
for different scenarios. For a fair comparison, there is no user se-
lection and the number of serviced secondary users is the same, i.e.
N, = 4. There is only one primary user, N, = 1, and the interfer-
ence threshold is €; =-6 dB. Fig. 2 shows the average of the total
transmitted power for different secondary user SNR values. Trans-
mitted power decreases significantly with antenna selection. Total
transmitted power for antenna selection is lower than that of fixed
array even with small number of bits showing the potential of the
proposed approach.

In the third experiment, both SNR and interference thresholds
are kept constant at v, =8 dB and ¢, =-6 dB respectively. There
are N; = 12 secondary users. The average number of selected sec-
ondary users for different number of primary users is shown in Fig.
3. As the number of primary users increases, it becomes more diffi-
cult to serve the secondary users. The antenna selection significantly
improves the number of secondary users which can be serviced. The
improvement in the number of secondary users reaches more than
5 folds for two primary users when antenna selection is performed.
This shows the effectiveness of the proposed method as well as the
antenna selection idea.

Table 1 shows the computational complexity of the brute force
and the proposed method where the average of 10 trials are reported.
As it is seen from this table, the proposed optimum method has sig-
nificantly lower complexity thanks to the efficiency of the mixed in-
teger linear programming with branch and cut technique [18].

6. CONCLUSION

Single group multicast transmit beamformer design with antenna
subarray and user selection is considered. The original nonlinear
problem is converted to a linear form suitable for mixed integer lin-
ear programming. The joint optimum solution is obtained effec-
tively and it is shown that the proposed method performs signifi-
cantly better compared to the optimum beamformer for the fixed ar-
ray. Computational complexity is much better than the exhaustive
search thanks to the efficiency of the branch and cut algorithm.

Table 1. Computational time of the proposed method (PM) and brute
force search (BFS)

n=4 n=>5

PM BFS PM BFS
M=6, vy, =8 dB 32s 124135 104 s 4513 s
M=9, v, =8dB 43.8s 450595 102s 972345
M=6, v, =6dB 119s 1141 s 18.8s 4270.5s
M=9, v, =6dB 54.7s 2043.2s 137.9s 85457 s
M=6, v =4 dB 49s 706.6 s 9.5s 2387.7s
M=9, vy, =4dB 83.7s 91934s 104.76s 8559

@' M=9, L=3, n=5 bits

>
»p-

'
P

AVERAGE NUMBER OF SECONDARY USERS
~ o
T T

10

o
N
o
©

SNR (dB)

Fig. 1. Average number of serviced secondary users versus sec-
ondary user SNR values.
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Fig. 2. Total transmitted power versus secondary user SNR values.
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Fig. 3. Average number of secondary users versus the number of
primary users.

27217



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

7. REFERENCES

K.T. Phan, S.A. Vorobyov, N. D. Sidiropoulos, and C. Tellam-
bura, “Spectrum sharing in wireless networks via qos-aware
secondary multicast beamforming,” IEEE Trans. Signal Pro-
cessing, vol. 57, no. 6, pp. 2323-2335, June 2009.

D. Ciochina and M. Pesavento, “Joint user selection and beam-
forming in interference limited cognitive radio networks,” in
Proc. of 20th European Signal Processing Conference (EU-
SIPCO’12), Aug. 2012, pp. 1389-1393.

E. Matskani, N. D. Sidiropoulos, Z.-Q. Luo, and L. Tassiulas,
“Convex approximation techniques for joint multiuser down-
link beamforming and admission control,” IEEE Trans. Wire-
less Commun., vol. 7, no. 7, pp. 2682-2693, 2008.

O. Mehanna, N. D. Sidiropoulos, and G. B. Giannakis, “Joint
multicast beamforming and antenna selection,” [EEE Trans.
Signal Processing, vol. 61, no. 10, pp. 2660-2674, May 2013.

O. T. Demir and T. E. Tuncer, “Optimum discrete phase-only
transmit beamforming with antenna selection,” in 22nd Eu-
ropean Signal Processing Conference (EUSIPCO), 1-5 Sep.
2014.

A. B. Gershman, N. D. Sidiropoulos, S. Shahbazpanahi, M.
Bengtsson, and B. Ottersten, “Convex optimization-based
beamforming,” [EEE Signal Processing Mag., vol. 27, no. 3,
pp. 62-75, May 2010.

N. D. Sidiropoulos, T. N. Davidson, and Z.-Q. Luo, “Transmit
beamforming for physical layer multicasting,” IEEE Trans.
Signal Processing, vol. 54, no. 6, pp. 2239-2251, June 2006.

E. Karipidis, N. D. Sidiropoulos, and Z.-Q. Luo, “Quality of
service and max-min fair transmit beamforming to multiple
co-channel multicast groups,” IEEE Trans. Signal Processing,
vol. 56, pp. 1268-1279, Mar. 2008.

S. X. Wu, W.-K. Ma, and A. M.-C. So, “Physical-layer mul-
ticasting by stochastic transmit beamforming and alamouti
space-time coding,” IEEE Trans. Signal Processing, vol. 61,
no. 17, pp. 4230-4245, Sep. 2013.

O. T. Demir and T. E. Tuncer, “Alternating maximization al-
gorithm for the broadcast beamforming,” in 22nd European
Signal Processing Conference (EUSIPCO), 1-5 Sep. 2014.

T. H. Ismail and Z. M. Hamici, “Array pattern synthesis us-
ing digital phase control by quantized particle swarm optimiza-
tion,” IEEE Trans. Antennas Propag., vol. 58, no. 6, pp. 2142-
2145, June 2010.

J. Israel and A. Fischer, “An approach to discrete receive beam-
forming,” in 9th International ITG Conference on Systems,
Communication and Coding (SCC), 21-24 Jan. 2013.

J. Wang, Z. Lan, C. Sum, C. Pyo, J. Gao, T. Baykas, A. Rah-
man, R. Funada, F. Kojima, I. Lakkis et al., “Beamforming
codebook design and performance evaluation for 60GHz wide-
band WPANSs,” in IEEE 70th Vehicular Technology Confer-
ence Fall (VTC 2009-Fall), Sep. 2009, pp. 1-6.

X. Liu, F. Gao, G. Wang, and X. Wang, “Joint beamform-
ing and user selection in multicast downlink channel under
secrecy-outage constraint,” IEEE Commun. Lett., vol. 18, no.
1, pp. 82-85, Jan. 2014.

O. T. Demir and T. E. Tuncer, “Optimum design of discrete
transmit phase only beamformer,” in 2/th European Signal
Processing Conference (EUSIPCO), 9-13 Sep. 2013.

2728

[16]

[17]

[18]

[19]

[20]

(21]

(22]

O. T. Demir and T. E. Tuncer, “Optimum discrete single group
multicast beamforming,” in IEEE Int. Conf. Acoustics, Speech
and Signal Processing (ICASSP’14), 4-9 May 2014.

O. T. Demir and T. E. Tuncer, “Optimum discrete transmit
beamformer design,” Digital Signal Processing, vol. 36, pp.
57-68, Jan. 2015.

Gurobi. [Online]. Available: http://www.gurobi.com/.

M. Elf, C. Gutwenger, M. Jinger, and G. Rinaldi, “Branch-
and-cut algorithms for combinatorial optimization and their
implementation in ABACUS,” in Computational Combinato-
rial Optimization, M. Jiinger, D. Naddef Ed. Berlin, Germany:
Springer-Verlag, 2001.

D. Wei and A. V. Oppenheim, “A branch-and-bound algorithm
for quadratically-constrained sparse filter design,” IEEE Trans.
Signal Processing, vol. 61, no. 4, pp. 1006-1018, Feb. 2013.

E. Amaldi, A. Capone, S. Coniglio, and L. G. Gianoli, “Net-
work optimization problems subject to max-min fair flow allo-
cation,” IEEE Signal Process. Lett., vol. 17, no. 7, pp. 1463-
1466, July 2013.

O. Tura, G. Yuksel, and A. Soysal, “Comparison of LTE 800
MHz and LTE 2600 MHz frequency bands in terms of cell cov-
erage,” in Signal Processing and Communications Applica-
tions Conference (SIU), April 2011.



