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This paper discusses the multiuser beamforming in FDD massive MIMO systems. It first introduces the feature of FDD massive
MIMO systems to implement multiuser beamforming schemes. After that, considering the realistic implementation of multiuser
beamforming scheme in FDD massive MIMO systems, it introduces the knowledge of channel quantization. In the main part of
the paper, we introduce two traditional multiuser beamforming schemes and analyse their merits and demerits. Based on these, we
propose a novel multiuser beamforming scheme to flexibly combine the merits of the traditional beamforming schemes. In the final
part of the paper, we give some simulation results to compare the beamforming schemes mentioned in the paper. These simulation
results show the superiority of the proposed beamforming scheme.

1. Introduction

As of the exponential increasing load of wireless commu-
nications networks, research on network architecture and
quality of service has been done in various fields [1-3].
As for communication systems, one of the most important
problems is that the capacity of them becomes insufficient. In
order to solve the problem, the concept of massive multiple
input multiple output (MIMO), where the system employs
unprecedented numbers of antennas to simultaneously serve
dozens of user equipment (UE), was proposed [4].

A large number of surveys on massive MIMO have been
done by communication researchers [5-8]. Both theoretical
and measurement results indicate that massive MIMO is
capable of achieving huge spectral efficiency by applying
multiuser beamforming (MU-BF) schemes. The two most
prominent beamforming schemes are maximum ratio trans-
mission (MRT) and zero-forcing (ZF), which require the
instantaneous channel state information at the transmitter
(CSIT) [9-11].

Owing to the channel reciprocity in time-division duplex
(TDD) massive MIMO systems, it is feasible to obtain
the instantaneous CSIT, while the CSIT acquisition is a
great challenge in frequency-division duplex (FDD) massive
MIMO systems.

In FDD massive MIMO systems, the two largest problems
are reference signal (RS) design and codebook design. A
great deal of research has been done to solve the problems
[12-14]. However, no matter RS design or codebook design,
there exists an intractable problem: there has not been a
good way for the BSs to simultaneously serve more than two
UEs in the same time-frequency resources in FDD massive
MIMO systems, as it is hard to select a subset of users due to
high computation complexities with the large number of 3D
codebooks.

In order to fully exploit the potential of massive MIMO
in FDD systems, a beamforming (BF) scheme exploiting the
spatial correlation (SC) was proposed [15]. Although SC-BF
can simultaneously schedule tens of UEs, the system perfor-
mance is poor. To further boost the system performance of
SC-BE we proposed a novel BF scheme based on both the
SC and signal leakage (SCSL), which can balance the system
performance and overhead of reference signal (RS) [16].
However, the main idea of SCSL-BF is to maximize the signal-
leakage-to-noise ratio, but when the scheduled users are large,
the main factor that restricts the performance of massive
MIMO system is the interference among scheduled users.
Therefore, the system performance gain of SCSL-BF is not
large enough. In addition, the calculation of SCSL requires
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the whole-dimension channel matrix; thus, the calculation
complexity of it is very high.

In this paper, we consider that the BSs feed back
quantized-channel-codebook index. Based on the quantized
channel, we put forward a SC and interference suppression
(SCIS) based MU-BF scheme, to make it feasible for the
BSs to simultaneously schedule tens of UEs in FDD massive
MIMO systems. The proposed BF scheme only needs partial
CSIT, which can be derived by transmitting some affordable
RSs. Therefore, the RS overhead in FDD massive MIMO
systems is flexible. With the partial CSIT, SCIS-BF can be
transformed from SC-BF by a transformation matrix and a
rotation angle. The transformation matrix can be deduced
through Householder rotation, and the rotation angle can
be derived by transmitting a RS in the downlink. Moreover,
based on the quantized-channel-codebook and quantized-
channel-selection approach given in this paper, we evaluate
the performance of the proposed SCIS-BF scheme with
different levels of feedback overhead, and numerical results
indicate that SCIS-BF performs better than SC-BF when UEs
only feed back a few bits of quantized-channel-codebook
index.

The remainder of the paper is organized as follows.
Section 2 describes the system model. The details of the pro-
posed SCIS-BF scheme are presented in Section 3. Section 4
evaluates the performance of SCIS-BF and Section 5 con-
cludes this paper.

Notations. We use boldface capital letters X for matrices,
boldface small letters x for vectors, and small letters x for
scalars. [E{-} is the expectation operator and C and N denote
the set of real and complex numbers with specified dimen-
sions. [-]T, []%, and [-]"! denote the transpose, the Hermitian
transpose, and the inverse, respectively. I, represents an
identity matrix of size N, and x ~ CN(u, R) indicates that x is
a circularly symmetric complex Gaussian vector with mean u
and covariance matrix R.

2. System Model

As depicted in Figure 1, this paper focuses on FDD mas-
sive MIMO systems, where the BSs communicate with
K single-antenna users simultaneously. The users in each
cell receive the signal transmitted from BS of the cell,
and at the same time, they suffer from both the intercell
interference and the intracell interference. Figure 2 is the
transmission model of each BS. As Figure 2 shows, in each
cell, the BS transmits RSs in the downlink; then with
the received signals, the users estimate the channels and
feed back a L-bit quantized-channel-codebook index in the
uplink.

2.1. 3D Antenna Modeling. In this part, we mainly introduce
the antenna modeling of the 3D channel used in this paper
[17]. In the 3D channel model, 2D planar antenna array
is considered. As to the planar antenna array, the spatial
correlation is affected by the radiation pattern as well as the
distance of antenna elements, regardless of the electromag-
netic coupling between antenna elements and the effects of
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FIGURE 1: System model.

impedance mismatch. As depicted in Figure 3, the directional
antenna elements radiation pattern is denoted as [18]

A(¢,0) = - min {- [Apn (¢) + Agy ()] AL

Agp (¢) = —min [12(%)2,&%] ,

3dB

o 2
AE,V(G)z—min[12<9_90 ) ,SLAV],
93dB

)

where ¢ and 6 are azimuth angle and zenith angle. A ;;(¢)
and Ag(0) are the horizontal pattern and elevation pattern
antenna gain, and A,, and SLA;, denote the maximum atten-
uation and the slide lobe attenuation in vertical direction,
respectively.

2.2. Channel Model. In this paper, we select the 3GPP
3D channel as the reference channel [17]. Denote h;, =
hkR}(/ > ¢ C"V as the channel vector from the BS to
user k, where h, ~ CN(0,I) contains independent and
identically distributed (i.i.d.) elements and R, represents the

transmit correlation matrix. The elements of R;, namely,
[Rk]Pq Vp,q € {1,2,...,N}, are defined as

E (b [by],}

P el ] L E (el [l |

In terms of 3D beamforming steering direction, the
transmit correlation matrix can also be defined as

Rc],,

R, =
R Rl ©
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quantized-channel codebook is based on DFT. Suppose that
ol " the BSs select n antennas to transmit RSs and the number of
‘ Anat anfehna aray quantized-channel vectors in the codebook is N, = 2%, where
L denotes the number of feedback bits of codebook index.
Then the quantized-channel vector h,, based on DFT can be
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where m € {1,2,...,N_.} denotes the quantized-channel
vector index in the codebook.
o " N1 2.3.2. Quantized-Channel-Vector Selection. To select the
(1,0) (L. 1) (LN-1) quantized-channel vector from the above-mentioned code-
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FIGURE 3: 3D antenna model.

where R, is the transmit covariance matrix, which is given by

Re = pa” (¢.0)a(4.0)P(9.0)A(4.0)dgdo. (4

In (4), a(¢, 0) is the 3D steering row vector, P(¢, 0) is the
power angular spread (PAS) of 3D channel, and A(¢, 0) is the
aforementioned antenna pattern transformed to linear scale.

2.3. Channel Quantization

2.3.1. DFT-Based Codebook. In this part, we talk about
the channel quantization. A simple way to design the

The criterion of quantized-channel-vector selection is to
find h to minimize IEkEEI. That is to say, select the quantized-
channel vector h such that

h= arg max Hkﬁz . (7)

2.4. Downlink Transmission Model. Suppose x € CX as
the transmitted symbol vector with E[xx"'] = I, and W =
(W), W, ..., wg] € CVK as the beamforming matrix with
Iwell, = 1 (k =1,2,...,K); then the downlink transmission
model of user k can be expressed as

Y = thX + n = hkwkxk + ik + Ny, (8)

where 1, ~ CN(0, o?) is the additive white Gaussian noise
and 7, denotes the interferences from other users.



Based on the aforementioned channel model, the received
signal of user k can be rewritten as

yk = Hlelc/zwkxk + ik + T’lk. (9)

3. BF Schemes in Massive MIMO Systems

In this section, we first review two conventional BF schemes,
namely, ZF-BF scheme and SC-BF scheme. Then, a novel BF
scheme exploiting both the SC matrix and partial channels
is proposed to synthesize the merits of the two types of BF
schemes.

3.1. Conventional Beamforming Schemes

3.1.1. Zero-Forcing Beamforming. The criterion of ZF-BF is
to eliminate the interferences among users. Define W, =
(W), W,, ..., wi] € CNVK as the ZF beamforming matrix and
H = [hT,h;F, . ,hE]T e CMN a5 the channel matrix; then
W can be expressed as

Wy = HY (HH") (10)

3.1.2. Spatial Correlation Beamforming. As for SC-BE the
criterion is to maximize the signal power of the desired user
by exploiting the spatial correlation without considering the
interference to other users. From [19], we know that the
weight vector of SC-BF of user k can be expressed as

1/2
Wgc, = arg max IR“w| = v,
’ lIwll,=1 2

e (RE) (1)
wherev, (R;) denotes the eigenvector corresponding to the
largest eigenvalue A, of R;.

Compared to ZF-BE SC-BF only needs the quasi-static SC
matrix, which can significantly simplify the BF process and
release the dependence on the CSIT in LS-MIMO systems.
Nevertheless, the system performance degrades correspond-

ingly.

3.2. Proposed Beamforming Scheme. Ignoring the subscript
of user index, notice that |[wyll, = [wgcll, = 1, and we
can construct a unitary transformation G to transform wge
and make it close to w,p in order to improve the system by
exploiting partial channels.

That is to say, the proposed SCIS-BF weight vector wgyg
satisfies

h=h ;
— gl Jw—~
Wscrs = GpWse = € Wy, (12)
where e/“W,;; denotes a linear correlated vector of W, and h
is a part of the channel vector h, given by

[B], = hly,, (13)

with i € {1,2,...,n}. We define N = {N;,N,,...,N,} ¢
{1,2,...,N} as the index set of the selected n antennas.
Therefore, we can construct the SCIS-BF weight vector by
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deducing the transform matrix G; and rotation angle w,
respectively.

Next, with the quantized-channel vector fed back in the
uplink, we will deduce transform matrix Gy and rotation
angle w for a fixed index set N, respectively.

3.2.I1. Derivation of Transform Matrix. There exists a unitary
transformation matrix Gg; such that

N=0
= Wso
Wscrs = GWsce Nel2N) o (14)
= WzE.
— ~T =T =T )
Proof. Denote H = [h;,h,,...,hg]" as the quantized-

channel matrix of H; then the ZF beamforming matrix with
quantized partial channels can be expressed as [20]

W, =1 (AH") (15)

where W, = (W 1> Wy s> Wyp k] and Wyp; denotes
the ZF-BF weight vector of user k with quantized partial
channels. For convenience, we ignore the subscript of user
index.

In the unitary space cN Xl, we assume

eijZ]: S, i€{l,2,...,n},
[z]; = [ ]l (16)
0, others,
and define
(wsely» i€{l,2,....n},
[Wscl; = N (17)

0, others,

and then resorting to Householder rotation, we can find two
unitary transform matrixes G; and G, such that

Gz = |lz]l, e/ Ve,,
(18)
G, Wsc = [Wscl, /e,
where e, is the unit base vector with the first component equal
to 1. The proof is as follows.
Assume x € CM! and we define a = ||X||26j(n/4) and
G(w) = (Iy — 2ww"), where

wo X (19)
[x - ae |,

Then we can obtain

(x—aen(x—ael)‘*)X

I~ ae,;

G(w)x = (IN—Z

(20)
~ 2(x — ae,) (x — ae,)" x

(x- ael)H (x —ae;) ’
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where (x — ael)H(x — ae,) meets

(x—ae,)" (x—ae,) = x''x — ax"le, — ae!'x + |a|*

_.H H \H _—H
=X x—(ax el) -ae ' x
(21)
+xix=2 (xHx - ae?x)
=2(x-ae)" x.
Finally, we can obtain
H
G (w)x = X_z(x—ael)(:li—ael) x
(x —ae;) (x-—ae;)
. (22)
e 2(x— ae;) (x — oll{el) X _ ae,.
2(x—ae) x
From the above proof we can derive that G,z/ IIZIIZej("/ Y =

G,Wsc/IWscl,e/™? = e,. Define Gz = [G,]7'G, and it
satisfies the fact that

_ w
GpWse = [Gy] ' Gy Wy = % ~ (23)

Let wgcrs = Gpwsc, and we can arrive at

[GgWscl;» N e,
[Wscisly, = (24)
’ [wsc]y »  others.

Therefore, with the quantized partial channels, we can finally
obtain

N=0 N={1,2,..N} oy
= . (25)

O

Here, we have to note that the ZF-BF weight vector is
calculated from reduced-dimension channel matrix; thus,
the calculation complexity is adjustable and depends on
the antenna-selection proportion. Moreover, it is easy to
obtain the transformation matrix. As to SCSL-BEF, the SL-
BF weight vector is calculated from the whole-dimension,
no matter what the antenna-selection proportion. Besides,
the transformation matrix of SCSL-BF needs many times of
matrix multiplication [13]. Therefore, compared to SCSL-BE,
the complexity to calculate SCIS-BF weight vector is relatively
low.

3.2.2. Calculation of Rotation Angle. The rotation angle in
expression (7) is given by

w =/ (hwge — hwgc) - £ (hiwgz). (26)

Proof. The calculation of the rotation angle w needs a careful

consideration. From the above analysis, define hw,; = rel
and

h|, ie{L,2,...,n},
[h,], = ), ten g 27)

0, others,

5
BS Channel User i
(=<
—Wscly Antenn;\N\\ Sao
RS ; : \\:\\\ ___________
O— S~y 1
| I
-7 y i
I [W /// s
twscla Antenna 2 T /,/ | )
[wsc] A
L [w [Pl 5
S Antennad”
FIGURE 4: RS transmission model to get hwgc.
and we can get the following relation:
N
hwgers = Zhi [WSCIS],‘
i=1
= Zhi [Wscs]; + Zhi [Wsais);
ieN i¢N
scllz jop .
= We hSZ + thC - hstC (28)
2
Wsclae o =
= —thFe + thC - hstC
llzll,
w. g ~
= —" scll rele + hwge — h,wgc.
lIzll,

In order to maximize |hwggl, the rotation angle w should
meet

w = £ (hwge — hWgc) - 6. (29)
O

Expression (29) indicates that we have to calculate hwg,
h,w, and hw;, first in order to calculate the rotation angle.
h is the quantized partial channel vector, which can be got

by transmitting the affordable RSs and h, can be calculated
from expression (27). Besides, we can calculate W, and wWgg
according to expressions (15) and (17), respectively. Therefore,
we only need to compute hwg.

Although the BS is ignorant of the full channel vector
h, it can transmit a RS mapped by the SC-BF weight vector
W on each antenna, as depicted in Figure 4. At the receiver,
the UEs can receive a symbol containing the product of wge
and the RS. After that, the UEs can feed back hwy to the
BS. Therefore, we can finally get hwge, h,Wgc, and hw,, for
calculating the rotation angle w while just taking one more
RS in FDD LS-MIMO systems. Here, we have to note that the
above wg and hwy are all supposed to be ideally obtained.
In the following sections, we also suppose that wg can be
ideally obtained. We do not talk about the qualification and
feedback of it in this paper.



Antenna element pattern

6
TABLE 1: Parameters configuration.
Parameters Settings
Scenario 3D-Uma
Carrier frequency 2GHz
Bandwidth 5MHz
User speed 3km/h
Channel model 3GPP 3D channel model
eNB transmit power 43dBm
Antenna gain 8 dBi

BS: UPA (row X col: 12 x 10) user:
single antenna
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Antenna element interval 051

UE height L5m

UE distribution 30 UEs per sector, uniform in cell
Noise density —174 dBm/Hz

Path loss/shadow fading/fast

fading See TR36.873 [17]

4. Evaluation

4.1. Simulation Setup

4.1.1. Parameters Setting. To evaluate the proposed SCIS-BF
scheme, we build a system-level simulation platform. In our
simulation, the network model consists of 19 macrocells. Each
cell contains 3 sectors, where each BS is located at the cell
center with uniform planar array (UPA). The main simulation
parameters are listed in Table 1. For the other relative channel
parameters please refer to [13].

4.1.2. Antenna-Selection Approach. To evaluate the perfor-
mance of SCIS-BE we have to confirm the antenna index set
firstly. From the above derivation, we can see that N can be
an arbitrary subset of {1, 2, ..., N}. Therefore, to simplify the
problem in this paper, we give a simple approach to form
antenna index set N as follows.

For antenna-selection approach (SCIS(r)), select one
antenna every #, antennas to make the selected antennas
distribute uniformly on the UPA.

4.2. Performance of SCIS-BF with Different Antenna-Selection
Proportion. In this part, we evaluate the performance of
SCIS-BF with different antenna-selection proportion. Fixing
the number of scheduled users as 10, we compare the
performance of SC, MRT, ZF, SCIS(2), SCIS(3), and SCIS(4).

Figure 5 shows the Cumulative Distribution Function
(CDF) versus the signal-to-interference-and-noise ratio
(SINR) of SCIS-BF with different antenna-selection propor-
tion. Correspondingly, the CDF versus the UE throughput of
SCIS-BF are shown in Figure 6. From the two figures, we can
see that the performance of SCIS-BF is better than SC-BE, but
worse than ZF-BE When the antenna-selection proportion
increases, SCIS-BF performs better and the performance of it
approaches that of ZF-BE It means that the proposed SCIS-
BF can flexibly make a tradeoff between system performance

o
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FIGURE 6: CDF versus throughput of SCIS-BE.

and RS overhead. In addition, when the antenna-selection
proportion reaches a certain extent, SCIS-BF can outperform
MRT.

4.3. Performance of SCIS-BF with Perfect CSIT. In this part,
we evaluate the performance of SCIS-BF with perfect CSIT.
With the antenna-selection approach given above, the spec-
tral efficiency (SE) versus scheduled user numbers of different
BF schemes is shown in Figure 7. From the figure, we can see
that, as the number of scheduled users increases, the SE of all
BF schemes increases correspondingly, and the performance
of ZF-BF is the best. However, the complexity of ZF-BF is
very high and at the same time it needs the whole channel
state information, which would cost great overhead of RSs
in FDD massive MIMO systems. Besides, in Figure 7, both
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TABLE 2: Measurement of spectral efficiency.

Feedback overhead L=6 L=7 L=38

BF scheme SCSL(3) SCIS(3) SCSL(3) SCIS(3) SCSL(3) SCIS(3)

System SE (bit/s/Hz) 7.153 8.865 7.974 8.865 8.592 9.632

System SE gain (compared to SC) -9.73% 11.88% 0.63% 19.40% 8.43% 21.55%

Spectral efficiency
(bit/s/Hz)

Number of scheduled users

—— SC —»— ZF
—e— SCIS(3) —— SCIS(4)
—-o- SCSL(3) —-a- SCSL(4)
—e— MRT

F1GURE 7: CDF versus SE of different BF schemes with perfect CSIT.

SCSL-BF and SCIS-BF perform better than SC-BE. When
the numbers of selected antennas are the same, SCIS-BF
outdoes SCSL-BF. Moreover, with the increasing number of
selected antennas, SCIS-BF performs better, and, meanwhile,
the difference between SCIS-BF and SCSL-BF becomes larger.
It indicates that SCIS-BF is capable of balancing the system
performance and overhead of RSs, and it has more potential
than SCSL-BE

4.4. Performance of SCIS-BF with Imperfect CSIT. Con-
sidering practical FDD systems, the BS does not know the
real channel but the quantized-channel vector. Based on
limited feedback, fixing the number of scheduled users as
10, we evaluate the system performance of SCIS-BF in this
part.

Figure 8 is the CDF versus SINR of SCIS-BF and SCSL-
BF with limited feedback, and Figure 9 shows the system
SE of SCSL-BF and SCIS-BF under the condition of limited
feedback. We can see that the performance of both SCSL and
SCIS becomes better when gradually increasing the number
of feedback bits. The corresponding SE measurements are
listed in Table 2, where L denotes the number of feedback
bits. According to Table 2, we can see that implementing
SCSL-BF in practical systems needs a large number of
feedback bits, or the system performance would even be
worse than SC-BE Compared to SCSL-BE it only needs
a few feedback bits to implement SCIS-BE, and then the
system performance could be improved. Therefore, to achieve

CDF

SINR (dB)
—e— SCSL(3) -o- SCIS@B)L=6
—— SCSL(3) -4- SCIS@B)L=7
—e— SCSL(3) —-o- SCIS(3) L =8

FIGURE 8: CDF versus SINR of SCSL and SCIS with imperfect CSIT.

Spectral efficiency
(bit/s/Hz)

7 1 1
6 7 8 9

Number of feedback bits

—e— SCSL(3)
—— SCIS(3)

FIGURE 9: CDF versus SE of SCSL and SCIS with imperfect CSIT.

the same system performance, SCIS-BF needs less feedback
overhead.

Table 3 summarizes the features of the mentioned BF
schemes in this paper. It indicates that SCIS-BF could effec-
tively balance the system performance and system overhead
of both RSs and uplink feedback in practical systems. There-
fore, SCIS-BF is a good candidate in FDD massive MIMO
systems.
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TABLE 3: Feature of beamforming schemes.

BF scheme Spatial correlation CSIT Performance RS overhead Feedback overhead Calculation complexity

SC N X Normal Low None Low

SCSL +/ v Poor dynamic balance High High

SCIS N v Good dynamic balance Low Flexible

5. Conclusion

In this paper, we study the performance of different MU-BF
schemes in massive MIMO systems, where the BSs feed back
quantized-channel-codebook index, but not conventional
precoding codebook index. Based on it, we put forward a
novel SCIS-BF scheme in order to make it feasible for the
BSs to simultaneously serve tens of UEs in the same time-
frequency resources. In contrast to other conventional BF
schemes, the calculation complexity of SCIS-BF is relatively
low as it only requires the reduced-dimension channel
matrix, and the performance of it is quite well. Besides, it
can effectively balance the system performance and overhead
of RSs. Furthermore, it only needs a few feedback bits
to implement SCIS-BF in practical FDD massive MIMO
systems. In a word, SCIS-BF can make it feasible and flexible
to implement massive MIMO in FDD systems.
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