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Abstract— Massive Multiple-Input Multiple-Output (MIMO) is an extension of
the conventional MIMO in the wireless systems which improves both of the
access density and the spectral efficiency by adding a massive number of
antenna array at the base station (BS). Massive MIMO increases the spectral
efficiency by using the beamforming. Besides, the beamforming in massive
MIMO improves the energy efficiency by focusing the energy in the desired
direction instead of the omnidirectional propagation. In this paper, we propose
and discuss different beamforming objectives in both the uplink and the
downlink channels. These proposed objectives can be either wuse the
beamforming of the desired signal without nulling the interference or use the
beamforming  with interference nulling. The beamforming with nulling
objectives have better performance than those without nulling but this leads to a
higher computational complexity as well. The results of this paper show and
compare the performance of these objective including the spectral efficiency
and energy efficiency as well as the computational complexity.

Index Terms— Beamforming, Interefernce nulling, Energy efficiency, Massive MIMO, Spectral
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efficiency.

I. INTRODUCTION

Massive Multiple-Input Multiple-Output (MIMO) is one of the main technologies
proposed for 5G and beyond to allow multiple users’ access and higher density cells [1]-[3].
It is the ultimate version of MIMO [4]-[6] technology where the number of antenna array at
the base station (BS) is much larger than the number of user equipments (UEs) [7]-[9].
Hundreds or thousands antennas can serve tens or hundreds UEs using the same time-
frequency resources [7]-[9]. Beamforming in massive MIMO improves both the spectral
and energy efficiencies as follows [7], [10]-[12]:

Spectral efficiency is improved by transmitting and receiving multiple different
independent beams from multiple UEs using the same time-frequency resources.
Spectral efficiency can be increased by increasing both the multiplexing gain
and beamforming gain.

Energy efficiency is improved by focusing a narrow beam toward a desired UE
instead of omnidirectional signal. Besides, it can be improved even more by
nulling the signals from other UEs. The energy efficiency can be increased by
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reducing the transmitted power while keeping the same amount of spectral
efficiency.

Other benefits of massive MIMO are [7], [13]-[15]:

o Channel estimation is done using Time Division Duplexing (TDD) operation.
Because the uplink and the downlink channels are reciprocal, only the pilot
sequences from the UEs to the BS are required for channel estimation process.
The BS does not need to send any pilot signals to the UEs.

e Channel hardening because of the large number of the BS antennas. The effect
of fading of the channel becomes much smaller which improves the quality of
the link.

e All the channel estimation and signal processing calculations are done at the BS
without any calculations complexity at the UEs.

e The process of beamforming is linear and has nearly optimal results.

Some related papers [12], [16]-[18] classified massive MIMO beamforming to either
analog beamforming, digital beamforming or hybrid beamforming which is a combination
of both of the analog and the digital beamforming. Digital beamforming using the signal
precoding is considered in this work.

The contribution of this paper is to propose different optimization objectives for
massive MIMO in both the uplink and the downlink propagation and compare them with
respect to their spectral efficiency and energy efficiency. Some of these objectives include
beamforming the desired signal without nulling the interferences while other objectives
include both the signal beamforming and the interferences nulling. The objectives that
include beamforming without nulling have much simpler processing computations but less
performance than the objectives that include both beamforming and nulling. As a future
work, these optimized beamforming techniques can be enhanced so they can be envolved in
the wireless cooperative communication systems [19] and the decentralized and distributed
massive MIMO networks [20].

The outline of this paper is as follows, The mathematical model of both uplink and
downlink of the massive MIMO systems is introduced in section Il. Different beamforming
optimization objectives for massive MIMO uplink and downlink propagations are proposed
in section Ill. The results are discussed in section IV, we compare the performance of these
different objectives in the results. This paper is concluded in section V.

Il. SYSTEM MODEL

Massive MIMO consists of the BS which has M antenna units and K UEs such that
M>K. Each UE is equipped with one antenna. If the channel gain vector of the k™ UE
(UEW) is g,eCM*! and it is independent and identically distributed (i.i.d.) ~CN(0,1I,,).
And the channel gain matrix for all UEs is GeCM*K. Then the uplink transmission from
UEx to the BS can be represented as in equation (1) [21].

Yurk = PuGkXurk + Ny 1)

And the uplink transmission from all UEs to the BS can be represented as in equation

(2) [21].
Yu = /P k=1 IrXurk T Ny = [ PuGxXy + Ny 2

where y,,;,,€C”*1 is the received signal vector by the BS from the UE« and y,,eC™*! is
the received signal vector by the BS from all UEs, p,; is the average uplink signal-to-noise
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ratio (SNR), x,;, is the transmitted signal by the UEx where E{|x,|*}=1 and

Xy €COT =[xy 4 ...xul,K]T, n,eC”*! js the additive noise vector and it is i.i.d.
~CN(0,1,).

On the other hand, the downlink transmission from the BS to the UEx can be
represented as in equation 3 [21].

Yaik = +/ PargrXa + Nayk (3)

And the downlink transmission from the BS to all UEs can be represented as in
equation (4).

Yar = +/ PaiG xq + gy (4)

where yg;, is the received signal by the UEx from the BS and ygeC**! = [yg, ...ydl,K]T
is the received vector by all UEs from the BS, pg, is the average downlink SNR, x;eCM*x1
is the transmitted vector by the BS where Ef||xyll?} = 1. ngy is the additive noise and it

is i.i.d. NCN(O,l) and ndle(CMX1 = [ndl,l ...ndl'K]T.
I1. MASSIVE MIMO BEMFORMING OPTIMIZATION

A. Channel Estimation

The channel conditions must be estimated accuratly before data transmission in both
uplink and downlink channel [22]. Since the uplink and downlink channels are reciprocal,
the channel estimation can be done using TDD operation. Thus, only the UEs need to send
their pilot sequence to the BS to estimate the channel gain and all the calculations can be
done in the BS without any calculations complexity needed at the UEs [7], [13]. The pilot
signals from different UEs must be orthogonal to avoid interference. The received pilot
sequences by BS from K UEs can be represented as in equation (5).

Yy = /%Py Zk=1 9k Dk + N (5)
where @, eC?*! is the pilot sequence from the UEx, Y,eC"*% is the received orthogonal
pilot sequences from all UEs such that 7, > K, N eCM*® js the additive noise.

Since the pilot sequence of different UEs are orthogonal, then @@, =1 and @ﬁ(bj =
0 for k + j. For that, the recieved pilot sequence from UE is represented as in equation (6).
Yok =Yp @ = \[1o0u9k + N&; (6)
From equation (6) and by using the minimum mean square error (MMSE), the actual
channel gain can be obtained as in equation (7).

9k =JPOx +1 - PGk (7)
, gx~CN(0,pI,) is the estimated channel gain and g,~CNO,(1—

pPu
byt

where p=

pIis the estimated channel error.

From equation 7, the accurate channel estimation can be achieved by either increasing
the uplink SNR p,, or increasing the size of pilot sequence z,. For that, lower uplink SNR
needs larger pilot sequence size. Perfect channel estimation is considered in this work.

B. Uplink Beamforming
The uplink signal that is received by the BS from the UEx with beamforming can be
represented as in equations (8) and (9).
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Yurk = Witk (VPuiGxuy + ) (8)
Yurk = PuWiieGxXurk + PuWark Zirek GierXuer + Wi 9)

desired signal interference noise

where w,,; , e CM*1 is the uplink weight vector for the UEi.

Various objectives are proposed to optimize the value of wy;,. The first proposed
beamforming objective case (J1) given in equation (10) is to maximize the uplink SNR of
the uplink signal from UEkx (or minimize the noise power) while maintaining a unity gain
for the this signal.

. 2 .
Jit Wy = argrgmlnwul,k” subject to ng,kgk: 1 (10)
Wy €CMX

The Lagrange multiplier function for the objective (J1) in equation (10) is shown in

equation (11).

FWario &) = [[Wael|” + A1 — W, gi0) (11)

By setting the gradient of equation (8) unl’kf(wul,k,/i) to zero, the optimized weight
vector is obtained in equation (12).

) _ _9k
]1' wul,k ||9k||2 (12)

The interferences from other UEs are not considered in the first proposed objective
case (J1). To minimize the effect of both the interference and the noise, we must first obtain

the combined noise and interference vector in equation (13).

P _ H K H
Ry = PuWuik Zkiek i Xurkr + Wi (13)
interference noise

Then, the second proposed objective case (J2) is to minimize the combined noise and
interference power while maintaining a unity gain of the desired signal as in equation (14).

. 2 ,
Joi Wy = argmin E{|wH 7|7} subjectto wl g, =1 (14)
Wul'kECMX

Using the Langrage multiplier function in equation (15) to obtain the optimized weight
vector of the objective equation (14).

—_ 2
fWurge, D) = E{WH  fue| 3+ A0 — whigi) (15)

To Find the optimal weight vector for the objective case (J2), the conditions of
uncorrelated different signals and noise components in equations (16), (17) and (18) must
be satisfied.

Condition 1: Efxyx;; ;) = {pé‘l i;fil:j] (16)
1 ifiz=i

Condition 2: E{nul’in;l,j} = {O i;i ij, an

Condition 3: E{xul,infdrj} = E{nul,ix;l,j} =0 Vi,j (18)

With the conditions stated in equations (16), (17) and (18), the expected power matrix
of the different interference plus noise components is given in equation (19).

Nyix = E{ﬁul,kﬁgl,k} = Pu Dk gk,gfr +1Iy (19)
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By setting the gradient of equation (15) V
vector is obtained in equation (20).

waiif (Wi, 2) to zero, the optimized weight

. _ (Nu) gk
J2i Wik = IR N0~ gk (20)

The third proposed objective case (J3) is to minimize the noise power while
maintaining the unity gain signal with zero gain (nulling) the interference. The objective
function is given by equation (21).

1 ifk'eKk'=k

) _ . 2 . H _
J3: Wurk wﬁgﬂgllwwkll subjectto Wi ={y e g per @D
The Lagrange function for the objective case (J3) is shown in equation (22).
2
fWuro A = [wur|” + 7 = wi 6 (22)

where A=[A; .. 4]" is the Lagrange multiplier vector and y= [;/1 yK]T is the gain
constraint vector given in equation (23).

1 ifk'=k

7'“:{0 if k' # k (23)

By setting the gradient of equation (19) un,,kf(Wuz,k,/l) to zero, the optimized weight
vector is obtained in equation (24).

Ja: Wy = G(GHG) ™y (24)

Also, weight vector can be optimized by tuning between the minimum square error
(MSE) for accuracy and the minimum noise power. Both of them can be used in one
objective case (J4) as given in equation (25).

Ja: Wae = argmin | |wh 6 — 7| + a|lwu|” (25)
Wul'kE(C X1

Min. square error Min. noise

where « is the tuning factor between minimum square error and minimum noise power.
The optimized weight vector for objective case (Js) when setting unlkf(wul,k:ﬂ) to
zero is shown in equation (26).
Jat Wy = (GG + ad ) 16y = G(G"G + aly) 'y (26)
The overall uplink weight matrix for all UEs and for all the objectives mentioned
previously (J1-Js) can be written as W,,; e C"*K = [w,; 1 ... wyik].
Finally, to avoid the matrix inversion calculations used in objectives J,, J; and Js4, the

overall optimized uplink weight matrix can be calculated using the gradient descent
method. The weight matrix in each iteration is given in equation (27).

Js: Wit =W, — n[(GH6)W!, — G"] subject to ||wul,k||2 <1 VkeKkK 27

where 7 is the step size for each iteration.

This method must be subjected to the noise power constraint (||wul,k||2 < 1) for all
UEs and in each iteration. So, the weight matrix can be modified in each iteration as in
equation (28).
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l. b if V|wiyl <1, vkek
ul = i i 2 i . 2 (28)
Wiy /max(Wiel) if 3llwi|” > 1, vkek

C. Downlink Beamforming
For the download transmission, the beamforming can be achieved by sending the
downlink beamforming vector shown in equation (29) from the BS to all UEs.

Xdar = D},/z Waxq (29)

where x4eCM*1 s the transmitted vector by the BS such that E{||lxy4l?}=1,
X' eCOT = [xg4 ...xdl,K]T is the original signal vector transmitted by the BS to the UEs
such that Ef|xgil}=1 VkeK, WyeC" K =[wy,..wqkl is the beamforming
downlink weight matrix of all UEs and wg;,eC**! is the downlink weight vector for the
UEx, D, is a diagonal matrix whose diagonal elements (q;..qx) is the downlink power

constraint coefficients for the UEs. The downlink power constraint coefficients must be
subjected to the constraints given in equations (30) and (31).

Constraint 1: q;, = 0 (30)

Constraint 2: YX_, qi < K/tr(W 4z WH) (31)

By substituting equation (29) in equation (3), the downlink received signal by UEk is
given by equations (32) and (33).

Yark = \/Pargk (Dé/zwdleu) + Naik (32)

Yark = /Par- wGiWarkX avie + Par9k Lirer | GeWarirX avier + nave (33)

desired signal interference noise

The first downlink objective case (Js) is to maximize the desired signal power without
exceeding the power constraint i.e. the downlink weight vector must be a unity vector. The
objective function of objective case (Jg) is then written as given in equation (34).

J6: Waix = argmax |g£wdl'k|2 subject to ||Wdl,k||2 <1 (34)

Wdl,kECMX1

The Lagrange function for the objective case (Js) is shown in equation (35).

2 2
fWare D = |gkware|” + /1(1 — lwall ) (39)
By setting the gradient of equation (32) V,,,,, f (W, 4) to zero, we get equation (36).

(QZQDWdl,k = Wqk (36)

Since the objective case (Jg) is a maximization optimization and both the objective and
constraint functions are convex and the matrix (grg%) is a positive semidefinite matrix,
then A is the maximum eigenvalue of (gig%) and wgy, is its corresponding unit
eigenvector. The eigenvalues of (g,*(gﬁ) are obtained by solving equation (37).

gvgk — My| =0 (37)

The solution of equation (37) is obtained by equation (38).

det
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(lgell? =AM =0 (38)

From equation (34), the maximum eigenvalue (Anqy) iS |lgxll?> and its corresponding
eigenvector is the optimal downlink weight vector which is given in equation (39).
: = i

Another objective case (J;) is to minimize the mean square error while nulling the
interference from other UEs. This objective function is shown in equation (40).

J7t Way = argmin ||Giw'q, — 7“2 “0)
Wul,kE(CMXI

where # is the gain vector and it is given in equation (23).
By setting the gradient of equation (40) un,,kf(Wuz,k’ﬂ) to zero, the optimized
downlink weight vector (denormalized) is obtained in equation (41).

J7: W' g r(denormalized) = (6*G")*G*y= 6" (G"G*) 1y (41)

To avoid near singular matrix inversion, the optimal downlink beamforming vector can
be modified by adding tuning factor p in the new objective case (Jg) as shown in equation
(42).

Jg: W' g r(denormalized) = (G*G™ + BIy) *G*y= G*(G"G* + BIx) 1y (42)
The optimal weight vectors of objectives (J7) and (Jg) in equations (41) and (42) must

be normalized to a unity vector because of the downlink power constraints as given in
equation (43).

wi g k(denormalized)
W' aik(denormalized)||

Wq k(normalized) = (43)

The overall downlink weight matrix for all UEs for all objectives mentioned previously
is WgeCK = [wyyy ... wyikl-

Finally, the uplink weight matrix that uses the gradient descent method in equation (27)
as well as other uplink objectives can be used to obtain the normalized downlink weight
matrix as given in equation (44).

Wik
Wy = 44
AT Twaaell (44)

The duality relationship between the uplink and downlink beamforming weight vector
in equation (41) can be used to obtain the downlink weight vectors from the uplink weight
vectors and vice versa. This reduces the computation complexity of the weight vectors
calculations of uplink and downlink transmission independently.

IV. RESULTS AND DISCUSSION

A. Spectral Efficiency
According to Shannon theory, the spectral efficiency of the uplink transmission is
given by equation (45) [23].
SE, = log, det(I; + P,G"G) (45)

Similarly, the spectral efficiency of the downlink transmission is given by equation
(46) [23].
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SEg = max log, det(Iy; + P4G*D,G™) (46)
k2

Zlk(=1q}(51
For equally downlink power for all UEs, the downlink spectral efficiency in equation
(46) can be rewritten as in equation (47).

SE4 = log, det (IM + };{—dG*GT) = log, det (IK + %GTG*) (47)

Since the massive MIMO has a large number of antenna units (M) in the BS. This lead
to two important advantages. The first one is the channel hardening [14] which can be
represented by equation (48). The second one is the favorable propagation [14] which is
given by equation (49).

1im Mgkl _ 4 (48)
M—ow M
H
lim 9% — o fork # k' (49)
M M

The channel hardening and the favorable propagation cause the ideal spectral efficiency
for both the uplink and the downlink transmission. The ideal spectral efficiency for the
uplink transmission is shown in equation (50) and the ideal spectral efficiency for the
downlink transmission is shown in equation (51).

SEuiigear = Klog,(1+ MP,)) (50)
M
SEqiigear = K loga(1 +—Pq) (51)

For the ideal uplink and downlink spectral efficiency in equations (50) and (51)
respectively, massive MIMO improves the spectral efficiency by increasing the
multiplexing gain (K) linearly and the antenna beamforming gain (M) logarithmically.

To find the actual spectral efficiency of both the uplink and the downlink transmissions
using the beamforming objectives mentioned in the previous section, the signal-to-
interference and noise ratio (SINR) for each UE must be calculated first. The uplink SINR
of the UEy is given by equation (52) while the downlink SINR of the UEy is given by
equation (53).

D |WH gk|2
SINR; ) = Wbk (52)

2 2
Pu ZiererlWaredir | +Iwill

T 2
SINR — qkl’d|gkwdl,k| (53)
aLk szllfr=kQRI|g£Wdl,k/|2+1
Then the overall uplink spectral efficiency is shown in equation (54) and the the overall
downlink spectral efficiency is shown in equation (55).

SEy = Yk=1loga(1 + SNIRy 1) (54)
SEq = Yi=1log,(1 + SNIR g1 1) (55)

Fig. 1 shows the uplink spectral efficiency using p, =20dB and the downlink
spectral efficiency using p; = 33dB for the different optimization objectives and various
number of antenna units at the BS (M = 64, 128, 256, 512). The spectral efficiency of the
most objectives (beamforming with nulling) become closer to the ideal spectral efficiency
when increasing M. The optimization objectives that have high spectral efficiency
(beamforming with nulling) also have higher computational complexity than the objectives
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with low spectral efficiency (beamforming without nulling). So, there is a performance-
complexity tradeoff.
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Fig. 2 shows that the massive MIMO improves the spectral efficiency when increasing
the number of the BS antenna units even with low SNR because of the beamforming gain.
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B. Energy Efficiency
The energy efficiency is the number of the transmitted data (in bits) per the consumed
energy (in Joule). The energy efficiency of the uplink transmission is shown in equation
(56). Similarly, The energy efficiency of the uplink transmission is shown in equation (57).
B-SEqy _ B-SEq
Pcircuit"'zllf:;[ Pul,k+(M+K)Pant h Pcircuit+KPul+(M+K)Pant

EEul = (56)
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_ B-SEq; _ B-SEy;
EEdl - Pcircuit+zll§:1 Qdel,k+(M+K)Pant B PcircuittPait(M+K)Pane (57)
where B is the channel bandwidth, P_;..,;: iS the fixed circuit power of the BS, Py, is the
circuit power per antenna per UE, P, is the power of a single UE during the uplink
transmission, Pg; is the power of the BS during the downlink transmission.
P,; and Py, can be obtained from equations (58) and (59).

Py = puBN, (58)
Py = paiBN, (59)

where N, /2 is the noise spectral density.
Fig. 3 shows the uplink and downlink energy efficiency using the parameters shown in

Table 1. Massive MIMO improves the uplink energy efficiency because of beamforming

gain. Also, it improves the downlink energy efficiency by beamforming the signal toward
the desired UE.

6 6
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FIG. 3. ENERGY EFFICIENCY (A) UPLINK TRANSMISSION (B) DOWNLINK TRANSMISSION.

TABLE |. ENERGY EFFICIENCY PARAMETERS

Parameter Value
B 20 MHz
Peireuit 30 dBm
Pons -10 dBm
Pui 20dB
Pai 33dB
BN, 0 dBm

C. Computational Complexity

Different uplink and downlink optimization objectives mentioned previously have
different computation complexity. In general, objectives that include beamforming with
interference nulling have better spectral and energy efficiency but higher computation
complexity than of those which include beamforming without interference nulling.
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Fig. 4 shows the complexity for different beamforming objectives. The objectives that
have better spectral and energy efficiency have higher computational complexity.
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Number of UEs (K)

F1G. 4. COMPUTATIONAL COMPLEXITY

For the gradient descent method (Js), the computation complexity depends on the
number of the iterations that are required to find the optimal weight matrix. If M>»K , the
number of iterations decreases. Fig. 5 shows the number of iterations versus the number of

the UEs

for different number of M. the number of iterations becomes smaller when the
number of M increases which is the case of the massive MIMO system.

)

25 T T
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20
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F1G. 5. GRADIENT DESCENT ITERATIONS

The comparison between the different beamforming objectives is summarized in Table
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TABLE Il. A BRIEF COMPARISON BETWEEN THE PROPOSED MASSIVE MIMO BEAMFORMING OBJECTIVES
Objective Description Transmission Performance Complexity
5 Min. noise power Uplink I._ower than Very low O(MK)
ideal
Min. noise and . . Very high O(M3+M?
J interference Uplink Close to ideal (K-1)+2M((K-1)?)
% _ Min. noise power Uplink Close to ideal High O(2MK2+K?)
and interference nulling
Tuning between
Ja min. square error and min. Uplink Close to ideal High O(2MK?+K?3)
noise power
Iterative gradient Uplink . Directly proportional
% descent /Downlink Close to ideal to the number of iterations
J Max. signal power Downlink I__ower than Very low O(MK)
ideal
¥ Min. square error Downlink Close to ideal High O(2MK2+K?)

with interference nulling
Tuning between
Js min. square error and Downlink Close to ideal High O(2MK?+K3)
interference nulling

V. CONCULSIONS

The contribution of this paper is to propose and discuss different beamforming
objectives for the wireless massive MIMO systems as one of the important technology for
the recent wireless communications to improve the spectral efficiency and energy
efficiency. These beamforming objectives are proposed for both uplink and downlink to
find the optimal beamforming weight matrix. The results of this paper show that the
massive MIMO improves the spectral efficiency because of the multiplexing and
beamforming gain. Also, it improves the uplink energy efficiency due to the beamforming
gain and improves the downlink energy efficiency by focusing the desired signal. The
beamforming objectives that include the interference nulling have better performance and
higher complexity computation than the objectives that do not have interference nulling
included. The performance of the objectives with interference nulling becomes closer to the
ideal performance while increasing the number of the antenna units at the BS. A brief
comparison between these different types of the beamforming objectives is summarized at
the end of this paper.
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