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Abstract

In this paper, we provide an effective multiuser transmission scheme in three-dimensional (3D) massive multiple-input
multiple-output (MIMO) cellular systems, where the full-duplex (FD) base station (BS) equips two separate large-scale
uniform planar antenna array (UPA). In order to reduce the computational and implementation complexity, we
investigate the characteristic of the beam-domain (BD) 3D massive MIMO channels and self-interference (SI) channel.
We propose the 3D multiuser beamspace transmission (MUBT) scheme that requires the spatial angular information
of the users and the SI channel. We show that, due to the reduced dimension property of the effective beamspace
channel, the overhead for channel estimation is reduced. Furthermore, a user scheduling algorithm is proposed to
enable the 3D MUBT scheme in the FD systems. Finally, both the theoretical analysis and simulation results show the
the Sl can be effectively reduced and demonstrate the effectiveness and superiority of the proposed 3D MUBT
scheme on spectral efficiency compared with the conventional half-duplex (HD) and FD transmission schemes.

Keywords: Multiuser cellular system, 3D massive MIMO, Full-duplex, Beamspace channel representation, Minimum
mean square error (MMSE) channel estimation, Beamforming

1 Introduction

With the booming development of smart terminals and
the growing demand for new mobile services, the mobile
Internet traffic will continue to grow exponentially,
which will increase by roughly 1000 times beyond 2020.
Multiple-input multiple-output (MIMO) techniques can
obtain multiplexing gain, diversity gain, and antenna gain
by exploiting the spatial dimension of wireless resources,
which as a result can significantly enhance the capacity
and reliability in wireless communications [1]. In order
to further improve the spectral efficiency (SE) of the
communication systems, massive MIMO has attracted
considerable attention. Massive MIMO is first advocated
in [2], which can make the simple linear precoder tend
to optimal and eliminate the noise along with uncorre-
lated interference by simply scaling up the numbers of
antenna elements at the base station (BS). In this way, the
SE of massive MIMO systems is improved dramatically
because more users can be served in the same time-
frequency resource. Furthermore, massive MIMO enables
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users to reduce the transmit power arbitrarily without
compromising the SE [3].

However, in the practical massive MIMO systems, all
these performance gains are profitted from the channel
state information (CSI) that is available. Time-division
duplex (TDD) seems to be more suitable for massive
MIMO systems since the channel reciprocity can be
exploited to obtain the instantaneous downlink (DL) CSI
through uplink (UL) training [2]; thus, the overhead for
channel estimation is linear with the number of user
antennas. For this reason, a great deal of research work has
been done for TDD [3-7]. However, the imperfect calibra-
tion between the UL/DL radio frequency chains [8] and
pilot contamination [9, 10] in the practical TDD systems
limits the performance gains of massive MIMO, which
as a result motivates the research on frequency-division
duplex (FDD) massive MIMO systems [11-13]. Since the
channel reciprocity does not hold for FDD systems, the
training overhead for DL estimation scales linearly with
the number of BS antennas. This poses a heavy burden
on user equipments and the feedback links in the sys-
tem where the BS is equipped with a large number of
antennas. One attempt is to adopt the closed-loop training
scenarios to sequentially design the optimal beam patterns

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the

Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13638-018-1219-x&domain=pdf
http://orcid.org/0000-0003-2216-9352
mailto: lgdxwxm@sina.com
http://creativecommons.org/licenses/by/4.0/

Zhang et al. EURASIP Journal on Wireless Communications and Networking (2018) 2018:203

[11]. Another alternative method is to exploit the low-
rank property of channel covariance matrix in massive
MIMO systems [12, 13]. Utilizing the correlation between
channels, the reduced dimension effective channels can be
obtained by the eigen-decomposition of channel covari-
ance matrix, which can reduce the overhead of training
and feedback.

Furthermore, most of the prior works assume the large-
scale antenna array deployed along the horizontal axis,
which is not applicable for most BSs due to the lim-
ited space on the roof or mast. Three-dimensional (3D)
massive MIMO, which is referred to as full-dimension
MIMO, can overcome this practical challenge because
large-scale antennas are arranged in both the horizontal
and vertical dimensions when two-dimensional (2D) uni-
form planar antenna array (UPA) are deployed. In this
way, the extra degrees of freedom for vertical dimen-
sion can be exploited to improve the capability of serv-
ing 3D distributed users, as illustrated in Fig. 1. In [14],
the channel correlation matrix based on a generic ray-
tracing 3D channel model is investigated, and the study
shows that the channel correlation matrix can be well
approximated by the Kronecker production of the corre-
lations in horizontal and vertical directions. References
[12, 15-17] investigate the DL transmission for 3D mas-
sive MIMO systems. Based on both statistical and instan-
taneous CSI, [12] proposes a joint spatial division and
multiplexing with 3D precoding scheme. By exploiting the
Kronecker structure of the 3D MIMO channel matrix,
Wang et al. [15] propose a 2D precoding scheme to
fully exploit the degrees of freedom provided by the ver-
tical dimension, which can reduce the multiuser inter-
ference (MUI) and inter-cell interference (ICI). Li et al.
[16, 17] assumes that the BS has only the statistical CSI
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of each user. Through eigen-decomposition of horizontal
and vertical correlation matrices, the beamforming vector
for each user are obtained. Moreover, the space division
multiple access transmission scheme based on the 3D
beamforming is proposed.

Both TDD and FDD systems are half-duplex (HD) sys-
tems that assign orthogonal time or frequency resources
to the UL and DL, which theoretically leads to half of
the time-frequency resources wasted. With the devel-
opment of signal and hardware processing techniques,
recently, the full-duplex (FD) techniques become one of
the attractive options for wireless communications. The
severe self-interference (SI) due to the signal leakage from
the transmitter to the receiver is one of the major chal-
lenges for FD communications, which results in the rapid
development of various kinds of SI cancellation (SIC)
techniques [18—20]. Due to the FD transmission, the DL
users may suffer from the interference transmitted by
UL users in cellular systems, which can be controlled by
using different beams [21-23]. In order to achieve higher
SE performance, a lot of research has been done on FD
massive MIMO technology [24—28]. Xia et al. [28] shows
that adopting linear beamforming techniques can signif-
icantly reduce the adverse impact of SI, and FD massive
MIMO systems outperform the HD counterpart in SE
even without active SI cancellation.

In this paper, we assume that two separate large-scale
UPAs are deployed at the BS, and investigate 3D multiuser
transmission in the FD massive MIMO cellular system.
The contributions of our works are as follows:

e The beam-domain (BD) characteristic of the 3D
channel is investigated, including UL, DL, and SI
channels. In the BD channel, most of the power is

Receive
(vi Nh)

Transmit
(NN SI

Fig. 1 Single-cell multiuser 3D massive MIMO system
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concentrated on each user’s own beamspace. The
algorithm of calculating each user’s best beamspace is
provided.

® By exploiting the low-dimension property of the
effective beamspace channels in the BD, we propose
the 3D multiuser beamspace transmission (MUBT)
scheme which processes the signals in each users’s
beamspaces. Utilizing the orthogonality of
beamspaces between groups, we show that our the
3D MUBT can eliminate the inter-group interference
(IGI), and significantly reduce the overhead of
channels estimation.

e The SI channel in 3D massive MIMO is modeled, and
the beamspaces of the SI channel are derived. Based
on the beamspaces of SI channel and features of
co-channel interference (CCI) within the cellular
systems, we introduce a simple cell partitioning
strategy and propose a user-scheduling algorithm.
Both the theoretical analysis and simulation results
show that the proposed scheme reduce the SI
effectively.

Notation: We use boldface uppercase letter A and bold-
face lowercase letter a to represent matrix and column
vector, respectively. E(), |-, (%, (), ®(-) and Tr()
stand for the expectation, the Euclidean norm, the con-
jugate, the conjugate transpose, the spectral radius of a
matrix and trace of a matrix, respectively. |5| denotes the
cardinality of a set B. [A];; denotes the ith-row and jth-
column entry of matrix A. Iy represents the N x N identity
matrix. CN (u, 02) stands for the complex-Gaussian dis-
tribution with mean of 1 and variance of o'2. e; represents
a vector whose ith entry is 1 and the other are 0. § (-)is the
Dirac delta function.

2 Methods

The outline of this paper is as follows: Section 3 describes
the system and the channels model. In Section 4, the BD
characteristics of 3D massive MIMO channels are inves-
tigated and the beamspace representation of channel is
given. In Section 5, we detail the proposed 3D MUBT
scheme, which includes user scheduling, channel estima-
tion, and data transmission. In Section 6, we perform vari-
ous simulation results using MATLAB to demonstrate the
effectiveness of the proposed scheme, and furthermore,
the existing approaches are compared under the same
setting to show the superiority of the proposed scheme.
Finally, the concluding remarks are offered in Section 7.

3 System and channel models

As shown in Fig. 1, we consider a 3D multiuser massive
MIMO system, where K;, UL users and K; DL users are
distributed in 3D space. We assume that all the users work
in HD mode and equipped with single antenna. The FD

Page 3 0of 17

BS deploys two separate large-scale UPAs! (one for trans-
mitting and one for receiving), and both of them has N,
antennas in the vertical dimension and Nj, antennas in the
horizontal dimension and each dimension is a uniform
linear antenna array (ULA). Let d, and dj, denote the dis-
tance of adjacent antennas in the vertical and horizontal
directions.

3.1 UL and DL channel models

In this paper, we consider a 3D massive MIMO chan-
nel model and assume that the channels between the BS
and users passes through a great number of rays [29].
Therefore, the channel of UL user k,, can be written as:

- [

(Gku Phy ) EAku

w (Okur 91, ) A(Okyr Pic, ) A0k, Ao, (1)

where 6, and ¢y represent the direction of arrival (DoA)
of user k, in vertical and horizontal directions; Ay, =

{(Qku’</’k,,) O, € [9,3“", Gﬁu‘ax] 9k, € [wk";‘“,w,ff"]}
denote the angular spread (AS) range resulting from

scatters in the vertical and horizontal directions; and
Ty (Gku, goku) denotes the UL complex response gain. Here,

A (Gku, <Pku) € CNv*Ni js the array response matrix which
can be expressed as:
A (eku’ (pku) = (2)
1 ... o Ny,

&Vku o[V + N =Dy, |

dN—=Dvi, L [Ny Dwg + (N =Dy, ]

ZJTdh

where v, = 2% cos 6y, and hy, =

and A is the carrier wavelength. Define

sin O, cos ¢,

a(v,) = [l,eivku, e ,ei(NV—l)vku]T’

(3)
b (hku) — I:l’e/'hku’ e

e r

then we can rewrite A (Gku,(pku) = a (Vku) b(hku)T. As a

result, the UL channel matrix can be rewritten as:

- [

Ok Pk ) €D,

eku (pku) (Vku) b(hku)Tdekud(pku'

(4)
Therefore, the equivalent vectorial form of G, is:
8k, = vec (Gi,) = (5)

/ / u Ok, 91,) b () ® a (vi,,) A0k, Ao,

(O Pk ) €Dk,
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Similarly, define 6, and ¢, as the direction
of departure (DoD) of DL wuser k; in verti-
cal and horizontal dimension, and let Ay ; =

{(9kd,<ﬁkd)\ Ok, € [G,ZH“, 9,?;”‘] kg €L, o] } and
rg (de,(pkd) be the AS range of DoD and DL response
gain; then, the channel vector of user k; can be expressed as:

8, = / / ra (O 9x,) b (hi,) ® a (vie,) dbx, depi,.

(9kd,</)kd) SV

(6)

In this paper, the AS range Ay, and Ay, are assumed to
be relatively narrow, which is reasonable when the BS is
set at a relatively high altitude [13].

3.2 3D Sl channel model

We assume that some SIC techniques have been adopted
at the BS, e.g., passive SI cancellation technique, so that
there exists no light-of-sight (LOS) signals from transmit
antenna array to receive antenna array and the two arrays
are independent. Moreover, we assume that there are sev-
eral scatters (e.g., tall buildings) surrounding the arrays;
then, the SI signal consists of several non-ligth-of-sight
(NLOS) rays.

Let Gg; € CNNuxNvNi he the channel from transmit
antenna array to receive antenna array, i.e., SI channel.
According to the Kronecker stochastic channel model
[14, 30], the SI channel can be modeled as

1 T
Ggr = Clze G, (C%) 7)

where Gy, is a N, N}, x N,,Nj, random matrix with indepen-
dent and identical distributed (i.i.d.) CN (0, Bs;) elements.
Here, Bs; can be understood as the level of the residual SI,
which is related to the path loss of the SI channel and the
capability of the SIC techniques. Cg and Cr denote the
receive and transmit spatial correlation matrices which are
also the corresponding covariance matrices. In this paper,
we assume that only the antenna-domain (passive) SIC
techniques are adopted and no analog or digital-domain
(active) SIC techniques are used [19].

Now, we need to find out the expressions for every entry
of Cg and Cr, which are expressed as C,,a € {R, T} for
simplicity of illustration. Define the correlation between
(k,I) -th and (p, q) -th antenna element of antenna array
as C,(lk’l)’(p’q). According to [14], Cék’l)’(p’q) can be approx-
imately written as a product of vertical and horizontal
correlations; then, the correlation matrix can be expressed as

C.= Cah ® Cuy (8)
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where C,, and C,, are the vertical and horizontal correla-
tion with

_ B2 coszwa
2,

1
[Cah]l,q = ﬁe A

:Ccospg _ (Csin wana)z
A e 24

)

dy\? .
[Carlip = &5 R eostng 3 (a5 ) -bsine

2
where A = (5&:% (g — 1) cos Bﬂ) (sing,o,)? +1,B =

Eazn)\ﬂ (gq—0Dcosf,and C = % (g — I) sin6,. Here, 6,,
©a, €4, and o, denote the DoA (@ = R) or DoD (a = T)
in vertical and horizontal directions and the normal dis-
tribution variance of the angular perturbation in vertical
and horizontal directions. Note that, from (9), we can see
that C, is Hermitian matrix.

4 Beam-domain characteristics of 3D massive
MIMO channel

In the cellular systems, due to the fact that the antenna
array at the BS are generally set at a relative high building
where the scatters around are relatively sparse, therefore,
most of the energy of the channels concentrate on sev-
eral spatial directions [31], i.e., several beams of signals.
Hence, in order to realize multiuser transmission in the
3D massive MIMO system, we first investigate the physi-
cal beam characteristic of 3D massive MIMO channels.

4.1 Beamspaces of UL and DL channels
To get started, we introduce the following lemma:

Lemma 1 The channels of UL user k,, and i, or DL user
kg and iy (k # i) are asymptotically orthogonal if their
vertical or horizontal AS ranges are disjoint, i.e.,

lim vec(ka)Hvec (Gy)=0¢

Ny,N,—o0o N,Nj,
(I:elzliniegax} n [QlTin,elgrax]) n (I:wl?:in7(plr(:axj| n [(pgﬂn, (agax]) —
(10)

where x € {u,d} represents UL and DL, respectively.

Proof Using the property of vec (ABC) = (CT®A) vec (B)
and

lim = ﬁNh[b (hi) ®a(v,)]™ [b(hi,) ®a ()]

- Nvlj\]h [b(hkx)Hb (hix):l ® I:a(vk")Ha (Vix)]

=94 (hkx — hix) ) (ka — Vix) )

(11)

Lemma 1 can be easily obtained. O

From Lemma 1, we can see that in 3D massive MIMO
systems, both the vertical and horizontal resolution are
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high so that users have different DoD or DoA can be
simultaneously scheduled, e.g., users in the same build-
ing having the same horizontal angle while different in the
vertical dimension. Note that, in 2D massive MIMO sys-
tem where ULA is deployed at the BS, users can only be
distinguished in horizontal plane.

To investigate the physical beam property of 3D massive
MIMO, we first define N, x N, and Nj, x Nj normal-
ized DFT matrices Fy, and Fy, whose (i, k)-th entry is

(Fxlix = %e_j%ﬂik, x € {N,,Ny}, and introduce the
following lemma:

Lemma 2 Define ka = Fn,Gi Fn, (v € {u,d)}) as the
BD channel, then the entries of ka have non-negligible
values only at limited 2D points as N, N;, — oo which
constitutes the beamspace of channel Gy,

Proof We first assume that the UL or DL channels only
consist of single ray, i.e., Gy, = rx (ka, gokx) A (ka, <ka) =

ria (vi,) b(hkx)T, then the (p, ¢)-th entry of Gy is

—j(%pm— 2”;1" m cos 9kx>

27d,
R ](%,anfThnsmka COS(pkx)

Tk, sin (Nl,akx/Z )
N,Nj, sin (ag, /2 )
o sin (Nj,Bk, /2 )
sin (B, /2)

27md, 2
NP — Trcosby, and By, = Nd —

sin O cos ¢x, . Thus, as N, N, — 0o, we can obtain:
lim “:ka] ‘ = /N,Ny, |Fkx|
Ny,Np—00 g

d d
X § ﬁ——vcosek 8 i——hsinek cos @i |-
N, A * Ny, A * *

(13)

<Ny—1
e/ 2

(7%

where o, =

2ﬂdh
A

Apparently, for any DoA or DoD (ka»fﬂkx): there is a
(»o, qo0) to satisfy (13) nonzero, i.e., po = Nv% cos 0, and
qo = Nh‘i—" sin 6, cos g . Hence, the point (po, o) indi-
cates the direction of the signal, i.e., 6, = arccos% and

— qor
Pk, = ArCCOS sy,

ally not integers, which as a result will cause the power at
point (po, qo) to leak to the surrounding points.
Then, we consider the case of large number of rays,
ie, Gy, JI e (O o) Ak ox,)dOk depr,
(OhsPr ) € Dy
According to (13), it can be concluded that each ray of

Particularly, pp and ¢o are usu-
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Gy, is corresponding to a (or limited) nonzero point as
N,,Nj, — o0, and is restricted in a relatively small range
under the narrow AS range condition, which is given by
(14), shown at the top of the next page, where the By_ is
called the beamspace of channel G, . This completes the
proof of Lemma 2.

dy
By, = = ®, 9 LNV = (cos ka)mmJ

IA
S
IA

d d
N, TV (Cos ka)max—‘ s LNh Th (sin O, cos gokx)mmJ

d
Ny Th (sin O, cos wkx)max—‘ ,V (ka, gokx)

IA
_
IA

€ Akx} ,as Ny, Nj, - oo.
(14)

O

Based on Lemma 2, the channel matrix can be approxi-
mately represented by
Gy, = FY, G FY, ~

H A ABi ) (pH
(FX,), 0, G, (FNh)Qq (15)

where , and €, are the indexes of the columns and

rows given by By , and G{ B} is the beamspace chan-
nel whose dimension has been efficiently reduced from
N, x Ny, to |ka | denotes the cardinality of the
beamspace B . Note that, according to Lemma 2 it can be
obtained that (15) becomes equality when N, and Nj, tend
to infinity. Then, the beamspace channel can be written as:

G{ka} — l:[ IOW]Gk F{Bizl}

EN, (16)

where B,r(:‘” 2 {(Qp, :)} and B,ﬁ:l 2 {(:, Qq)} are called
the vertical beamspace and horizontal beamspace which
consist of the vertical beams and horizontal beams in By,
respectively.

Corollary 1 In the large N, and Nj regime, if the
beamspaces of user ky and iy (k # i,x € {u,d}) are non-
overlapping, then the BD channels of k., and iy are orthog-
onal, which mathematically can be expressed as

lim F[BVOW}G F{Bcal} =0

Nh—>OO

row col
Nwll\ihfg o0 Fl{\flx | Gr. F I{V?x }:

(17)

The conclusion in Corollary 1 indicates that if the
beamspaces of different users are orthogonal, the users
in the BD are “invisible” to each other, i.e., the signals
transmitted on their own beamspace channels won't affect
other users.
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To illustrate the concept of beamspace, an example of
DL BD channels de whose DoDs are (21°, 8°), (41°, 25°),
and (70°,8°) are depicted in Fig. 2. In most cases in
the reality, the AS in the vertical domain is relatively
small due to the height of the BS [32]; therefore, we
set the AS in the horizontal directions & is 10° and in
the vertical directions §, is 5°. Obviously, the channel
power is concentrated on the beamspace, but with the
finite number of antennas, the power might leak to the
around points.
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In order to facilitate the operation, we rewrite the
BD channel into equivalent vectorial form as gi, =

vec (ékx> =
vec (ABC) = (CT ® A) vec (B), we can get

vec (FNVkaFNh). Using the property

& = (L, ®Fn,) 86, = Fe, (18)

where F = (F{[h ® PNV) and x € {u,d}. Similarly, the

P B, ~ 1B
beamspace channel vector is gzec{ Wb vec (G,E k"}>,
X X

i

iz

O 1 I

I I i

0 10 20

Ny

generated by (14) and is marked with rectangular frame

30 40 50

Fig. 2 Example of BD channels and their beamspaces with N, = N}, = 48, the AS in the horizontal directions 85, is 10° and in the vertical directions
8, is 5°.a The BD channels Gy, whose DoDs are (21°,8°), (41°,25°), and (70°,8°). b The top view of a and the beamspace of each channel which is
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where vec{By,} is the vectorial beamspace which is
denoted as By,. Then, we have

col TOW

~{B.} B By ] i [Bk ]
g, = Fl kx}gkx = | |Exn, ®Fy," ' | 8-
(19)

From Lemma 2, we can see that, with the practical finite
number of antennas, most power of the beamspace chan-
nel are concentrated around the points as (14) shows, and
the dimension of beamspace is also related to the AS range
of the signal rays. For keeping the required channel power
of the beamspace channel, the dominant beams that are
selected for the transmission at the user kj are defined as:

ka:{lfiSNwlijNhi

[&], 6],

where threshold &_ € (0, 1) which can be selected so that
G1{<ka}

2
> £, max
ij

2 } (20)

captures a significant fraction p of the power of ka
(e.g., p = 0.9). p is the required effective power ratio close
to 1. Since B, is only related to the direction information,
ie., (Qkx, gz)kx), which varies over a relatively long time and
can be accurately obtained at the BS with little hindrance
through long-term feedback [33]. Therefore, we can pre-
establish an off-line data table of different (ka, (pkx) for the
By, in order to decrease the complexity of computation.

4.2 Beamspace of Sl channel

In FD 3D massive MIMO systems, the dimension of SI

channel is ultra-high (N,Nj, x N,Nj,); therefore, the com-

pressibility of Gg; is urgent to be explored and exploited.
We first introduce an eigenvalue characteristic of large-

scale UPA. Using the eigenvalue decomposition, C,, and

C,j can be expressed as:

Cav = UavDavUZIV

v (1)
Can = UyDyyy Uah

where a € {R, T}, U,, and Uy, are unitary matrices, D, =
diag {AE}V), - ,x,‘f;’v)] and D, = diag [,\fjh), A )

According to [12], for the large dimension of ULA, the
eigenvector matrix can be approximated by a unitary DFT
matrix. Since UPA is composed of ULAs in each row and
column, and under the assumption of large dimension of
antenna array at the BS, we can approximate the C,, and
Cah as

N,— 00

Cﬂl/ - FNV DavF%V:

Nj,— (22)

o
Cai '= FEn,DuFy,
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and the eigenvalues D, and D, have the following
characteristic:

D, = diag {0, 000

av’

: y)\‘g;)yoi' : ,0}

(23)
Dah = dlag {0’ e !Ofk;th); e ’)"EII;I)’ 0: e ,0}

where A,y and 1, are non-negligible. Then, we can get the

dominate domain of D, as:

DilAa} — dlag )\‘(l))\‘(t) . }\‘(l))\‘s;l)’ e )“(k))\‘(u)

av”ah’ » av av “ah

(k—i) % (u—t)
(24)

where D; = Dy, ® Doy, Ap = {(Q, Q) |m € Q,
(Dalm # 0} and €2, is the set that contains the indexes
of rows (columns) of the dominate domain of D,.

In practical FD systems, the SI signal is the main bot-
tleneck of further improving the SE; thus, minimizing the
harmful effect of SI is the primary task. In order to real-
ize 3D multiuser FD transmission, we first define the BD
SI channel GSI as GSI = FrGSIF{{, where F, and F; can
be equal to F or a submatrix of F. Let A>Y = {(Q4,2)},
A;Ol = {(;, )}, P = F? be a permutation matrix and
d=(@1,2,--- ,NVNh)T denotes the indexes of rows of Dp.
Then, the SI channel gain E [||G51||2] can be effectively
weakened by the following lemma:

Lemma 3 Define Br = APY and Bp =
[((Pd){Alr?ow}, )} as the beamspaces of the transmit and

-2
receive SI, then E [HGSIH ] tends to zero if F; = F84 gnd
F, = F'34), where B, N Br = @ and B; N Bg = V.

Proof See Appendix: Proof of Lemma 3. O

5 3D multiuser beamspace transmission scenario

With 2D large-scale antenna arrays deployed at the BS, the
spatial resolution of vertical and horizontal directions in
3D massive MIMO systems are high. We can exploit the
slow time-varying angular information such as DoA, DoD,
and channel correlation to efficiently estimate channels
and transmit data. In this section, we detail our pro-
posed 3D MUBT scheme. Based on user grouping scheme
and beamspace channel estimation method, we show the
scheme is capable of eliminating the SI, IGI, and MUL

5.1 Beamspace-aware user scheduling

Due to the simultaneous transmission of UL and DL,
the existence of SI and CCI restricts the overall perfor-
mance of FD cellular systems. However, we can exploit
the orthogonality of beamspace to avoid the SI, and by
user scheduling strategy, the CCI can be ignored. To begin
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with, the user are partitioned into groups on the basis of
the following criteria:

Criterion: Allocate the UL/DL users whose beamspaces
are the same to the same group, while the beamspaces of
different UL/DL groups are orthogonal, i.e.,

BgftﬂBg]{lzﬂ,Bgl_dﬂBg;i:@ (25)

where B« and By, u are the beamspaces of UL group g/ and
“ B 4 and B g are the beamspaces of DL group gl and g}

To 51mphfy the illustration, the cardinalities of the

= |Bg| =

beamspaces are set to be the same, i.e.,
and ‘Bg;j' = ‘Bg;j
ber of users in group gf‘, and gl?fk denotes the index of the
kth user in group g‘;‘, where x € {u,d}. In the FD cellular
systems, if the co-channel UL and DL users are too close
to each other, the CCI may cause a serious trouble to the
DL users’ signal-to-interference ratio. Therefore, we pro-
vide a simple user scheduling algorithm to mitigate the SI
and attenuate the CCIL. The main idea of our scheduling
strategy to suppress the CCI is to locate the co-channel
users apart. Within the cellular systems, the sufficient dis-
tance isolation between co-channel users can significantly
reduce the CCI due to the plenty of obstructions such
as buildings and trees, which as a result makes the CCI

negligible compared to the signals transmitted from the
high-altitude BS 2

= b,. Assume that Kgf is the num-
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Firstly, we partition the cell into four areas A;, Aj, As,
and A4 as Fig. 3 shows, then the user scheduling algorithm
is proposed as the following.

Algorithm 1 User Scheduling Based on the Distance and
SI Beamspaces Isolation

1: Calculate the beamspaces of all UL and DL users
through (14) and (20).

2: Partition UL and DL users into groups according to
the beamspace-aware grouping criterion (25). Let G,
and G, be the set of UL and DL groups which satisfy

G, = {gf‘ BgiuﬂBng,i:Ln-,Gu} and G; =

[ |BaNBr=2,i=1,

3: Schedule G, UL groups in location area A. If A =
Aj Ay, then schedule the DL users in Ajy; else if A =
A3 Ay, then schedule the DL users in Aj.

4. If all UL groups’ beamspaces are orthogonal to Br,
then schedule G; DL groups; else, schedule G; DL
groups from G, so as to eliminate the SI in the
beamspace of g¥.

5. To include all the possibility, in the orthogonal
time/frequency resources, schedule G; DL groups,
and use the similar method in step 3 to determine
in which area the UL groups are scheduled. If all DL
groups’ beamspaces are orthogonal to Bg, then sched-
ule G, UL groups; else, schedule G, UL groups from
Gu.

6: Repeat 3, 4, 5.

, Gy }, respectively.

Fig. 3 lllustration of CCl between UL and DL groups under the cell partitioning scheme
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5.2 Effective beamspace channel estimation

During the estimation phase of the FD system, all UL users
transmit the pilot sequences to the BS, and simultane-
ously, the BS transmits the pilot sequences to the DL users.
Then, the received pilot signals at the BS and the ith DL
group are written as:

Gy Gy
Y, =) GeXg +G5,Zxd+N (26)
i=1
Y =G ngd+ZHdux « + Ny (27)
N, Nj,xKyu
where Ggr = [gg;fl,--- ,gg;ngy] e VN Re and Gg;i =
NthXI(gd .
Byl Bl e C i are the channel matri-
i1 of

ces between the BS and the ith UL and DL user group,
respectively. H g g is the co-channel matrix between jth

UL group and lth DL group. The second term of the right
side of (27) is the CCI resulting from the simultaneous
UL and DL transmission at the same frequency. Based on
the user scheduling algorithm, the CCI can be ignored
in the FD scenario, which as a result is omitted in the
later analysis. Xgu € e ™ pilot sequences of the
ith UL group, 7, denotes the length of pilot sequence for

H
_ 5l
each UL user, X = F{ o Xyd denotes the pre-

coded DL pilot sequence where X g € CPax7a js the DL

beamspace pilot sequences for the ith DL group, 7 is the
length of DL pilot sequence, N, and N g are the additive

white Gaussian noise (AWGN) matrices which have inde-
pendent and identically distributed CN (0, 1) elements. In
order to reduce the overhead of channel estimation, we

can reuse the same pilot sequences between different
ax K,u Xty

groups. Let X, € (Clgl“;u K and X; € Cba* be the
orthogonal UL pilot sequence set and DL pilot sequence
set which satisfy XaX';[ = raPZI,a € {u,d}, where PZ
is the transmit power of each pilot symbol and I is the
identity matrix with appropriate size. Then, the UL and
DL pilot sequences assigned to the different groups are
assumed to share the same UL and DL pilot sequence
set. Mathematically, the UL pilot sequences allocated for

1:Ku,:
group g/ is given by Xgu = XJ{ “ ] and the DL pilot
sequences allocated for group gl?i is given by X gl = X;’ht"}
if t; > 1, and ngl = [Xd obdx(rufrd)] ifty < 1.
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5.2.1 UL beamspace channel estimation
In order to eliminate the IGI, which is also the pilot con-

tamination, we multiply both sides of (26) with F{Bgty } and
we have:

Gy
Y =G[u ]x + > G[ g’]x ey,
J=1j#i
G H (28)
+iF{BgtM}G51 F{Bgf} Xy

=1

SI

Then, the BS obtains the observation of UL beamspace
channel as:

Bau Gu Bau 1 "
Yg?k zgizkgl } + Z gi/{?kgl ] + W(F{Bgi ]) Nu uek
Ry 2
3 e () 5
oy 1B G| PO e

+

s
(29)

The second term of the right side of (29) is the pilot con-
tamination between the kth users in all UL groups due to
the reuse of the same pilot sequence. Note that, accord-
ing to the grouping criterion and Corollary 1, the pilot
contamination approaches to zero as Ny, N, — o0o. The
last term is the SI caused by the simultaneous UL and DL
training. Note that if users are scheduled by Algorithm 1,
according to Lemma 3, the SI can be wiped out in the
large N,, Nj, regime. Based on the observation in (29),
the minimum mean square error (MMSE) estimation of
B

the beamspace channel g ” 1 can be obtained as:
ik

where nggg } is given by:

Rg;kg}‘} -/ P (b (ks ) b7 (g, ))

(31)
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where S, (leyfk, (pgf,’k) =ry (0«5’5}’ gogl_»fk) rf (le_»,tk, (pgf,'k)’ and

z R L

H
Gy

F{ G }GS, F{Bgfi} X (X e,
1

d
a2
(‘L'MP”) j=1 I=

8 B} I\
xe’k’xgyxgp{ g Gg(F{B&'})
7l

& &

(32)

Based on the orthogonal property of MMSE estimation

A l]_

[34], the channel eatimation error is g u
k

: (2] - (2]

g A and the covariance of g g “ is:

P A T B L p L

Sk ik ik K g (33)
5.2.2 DL beamspace channel estimation
(27) can be rewritten as:
H
o o
i U
Y= |Gy Xt D | Gy Xy +Nga.
j=1j#i
pilot contamination
(34)

Then, the observation of the DL beamspace channel is
written as

H
1 Y X7 ) e
ygzdk_ thd g [ k

{ B 4 } Gy { B gd } 1 H
~| & ~ i H
l,k j=1j#i gt,k TdP gd
— —
pilot contamination
(35)

The second term of the right side of (35) is the pilot
contamination caused by the reuse of the same DL pilot
sequence set over all DL groups, and it tends to vanish
as N,, N, — oo according to the grouping criterion and
Corollary 1.

Using the similar method as UL estimation, we have:

) R{Bg,-d} iy

= 36
ggk ggk Y d (36)

g
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where

RS S
g %;fk)eﬁkd )
o (3 ) () ("]

x 4 (00,04, ) gt Ao,

(o) (1)

(37)

and

Ci, =) R’ I
& ]Z: € * Tde
Gy Gy

2 J[ o

j=1I=1
9dr<ﬂd>€Ak
(gi,k ik d

o (a(r ) o (v)) ]

1
X Sy (Gggk,gogg ) do e d(pg,d + podl

(o1 (1)

H

(38)

Similarly, the covariance of DL channel estimation error

:lBgf} .

gdk 1S
P I 7 B L e U1
Rgfk = Rggk - Rgfk o RL (39)

5.3 Data transmission

At the data transmission stage?, UL and DL users transmit
signals in the same time-frequency resource. In our trans-
mission scheme, the data are transmitted in each group’s
own beamspace. In the BD, the received signal at the BS
from the ith UL group and the received signal at the ith
DL group can be written as:

Ye :G{ }sgu+ Z G{ }su-i—ng
J=1j#i

IGI

H (40)

& (2]
+ZF{Bgi”}GS, % Xy -
j=1

i

SI
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H H
B Gd B d
~ (&' g’
ygl_ = o Xgid + Z y xg/_d +ng;1
J=1j#i
IGI
(41)

where Sgu € (C Kt and X,d € Cbh4*1 denote the trans-

mit data of the ith UL group and the BD precoded data
for users in the ith DL group, respectively, and ng;4 =

F{Bgiu }ngf" Note that the IGIs in (40) and (41) tend to zero

as Ny, N, — oo.

For massive MIMO systems, linear signal process-
ing techniques have already been shown to have
good performance [2]. Therefore, in this paper, define

_ h,,XKg{t _

W = [ngﬁ’ e ,wgl_»ngJ e C i and W g =
bdX1<gd .

Wod 5o ,ng e C i as the linear UL detector

and DL precoder at the BS. Multiplying (40) with Wg, we
have Yo = Wgufrgg. Then, the received signal of user g;%
in beamspace Bgu can be written as

Ku

By
Vi :wg,,kgigk }Sglk +WH, Z g‘ik’ }Sgtk/
K=LK £k
MUI
(e
GL s u +wl n
glk]—lzj;ﬁl ] & (42)
1GI
Ky, { } H
+WH ZF[ gL]GSI F o ngdsgf

SI

which is capable of decoding the data of user g}, and the
second term of the right side of (42) is the MUI within the
group. For DL, the BD precoded data can be written as

Xga = W a8,q; substituting it into (41), we can express the

received signal at the user gl.dk in B, as:
’ i

P

(2018) 2018:203 Page 11 of 17
H H
frq) o ( {o}
L& LY
= WaSa + W is 4
Vet T\ Bet, 25 Z Bt 4%
J=1j#i
IGI
H Ky,
) o
+1g," W4 Sda +na
ggf 3 Z Six Sk ik
K'=1,k' £k
MUI
(43)

We adopt the zero-forcing (ZF) beamforming scheme
to eliminate the MUI. The CSI of UL and DL beamspace
channels is assumed to be obtained by (30) and (36); then,
the beamforming matrices can be expressed as:

g 4 g
H -1 (44)
ol ([l b
oo s o s 2|7 _1
& Hgf Hgf’ Hgl gt 2
. dXKgd
where Fg_d = diag 81, Bi2 - Bk, € C ¢ i is a
i &

diagonal matrix for the normalization of the precoder.
Based on (42) and according to [35], we can obtain the

signal-to-interference-plus-noise ratio (SINR) of user g%

as (45), shown at the top of the next page, where ngk is

the transmit power of user g T gu = E [sgus o i| and
P,=E [sgdsh;] are the transmit power matrices, ¥V; =
& I g

H
o) (el74] . .
FU4 lGg | FU % ng.Accordmgto (43) and the sim-
1

ilar method in [35], the SINR of user gidk can be expressed
as (46), shown at the top of next page.

_ 8ik
Ve = Ky
Wy Z Py g
i,k k=1 Ly i, 1_1]751 /)

(45)

u u H Gy ~ u - u H G
g'k/Agigfifi }<Ag£f%z }) + Z G{MB i ]ngu (G[fgi ]) + é W[Pgld\lllH + 1, W

i
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(46)

+1

H 2
<7} {Bgd } 1
g7 | w.p?
j:lX,j:;ez (gg;‘k g e

i d
Eventually, the achievable rates of user g} and g are
expressed as:

T — max (ty, Td)]E

Rgfk = T [log2 (1 + ngk>] ,a € {u,d}

(47)

6 Simulation results

In this section, we present the performance of the pro-
posed scheme through simulation results. The parameters
of the simulated single-cell multi-user systems are listed in
Table 1. For path loss, we consider the 3GPP LTE simula-
tion model [36]. It is assumed that the transmit and receive
antenna arrays are separated in distance and some passive
SIC techniques, such as radio frequency absorber material,
are adopted so that the level of residual SI 8s; = 15 dB.
We consider that both the UL and DL users are scheduled
by Algorithm 1 and are gathered into three groups. We
assume that each group has 8 users and the range of DoA
or DoD of users within each group is the same.

6.1 Channel estimation

In order to evaluate the performance of our proposed
channel estimation method, we define the average indi-
vidual MSE as the performance metric which is given by:

G K

i .
Ky = %ZZU <I_{i2gi }),a € {u,d}

4 =1 k=1

(48)

Figures 4 and 5 present the comparison of the UL and DL
channel estimation performance between the proposed

Table 1 Simulation parameters

Parameters values

Path loss between BS and users 2.7 + 428 log;o(L) [dB], L: distance

in meter
Number of UL and DL users 24
Kg = Ky
Antenna array size Nj x N, 25x 25
UPA array element spacing A2
dn =d,
AS in the horizontal directions 10°
8h
AS in the vertical directions 8, 5°
Required effective  channel 0.9
power ratio p
Channel coherence time T 200 symbols
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beamspace channel estimation and the conventional full-
dimension channel estimation as a function of average UL
and DL receive SNR, respectively. In our proposed HD/FD
beamspace channel estimation scheme, the length of pilot
sequence is related to the dimension of beamspace; hence,
we set 7, = 17 = T = max{b,, by}. Under this setup,
the default length of pilot sequence is T = 42. We also
compare the cases of t = 54 and t = 72. From the
numerical results, we can see that the DL performance
of the proposed scheme outperforms the conventional
full-dimension method and the UL performance of the
proposed scheme is better in the low-SNR region. What
is more, comparing the proposed HD and FD scenarios,
we can observe that in the low-SNR case, the performance
is very close between HD and FD. As the SNR grows, the
harmful impact of SI increases, which brings down the
performance of FD scenario.

Note that, in the HD massive MIMO systems, the
required minimum length of pilot sequence in the conven-
tional TDD systems with DL reciprocity [5] and FDD sys-
tems [12] are Zle"l Kge + ZiG:dl Koa =48 and Zle"l Kgu +
by = 66 (approximate), respecti\;ely. In the FD massive
MIMO systems, [24] assumes that transmit and receive
radio-frequency chains share the transmit antennas at
the BS so that DL CSI can be obtained by utilizing the
reciprocity which is at the cost of hardware, and the
required minimum length of pilot sequence is Z,G;l Kgu +
Zf:‘il K g = 48. In addition, we know that the compu-

tational complexity of MMSE estimation is O (n3) due
to the matrix inversion operation where # is the dimen-
sion of the channel covariance matrix, which lays a heavy
burden on the system if # is large, especially for massive
MIMO system. For example, the computational complex-
ity of the conventional full-dimension MMSE estimation
[6]is O ((NVN;,)S) =0 (6253), which is very high. Never-
theless, the complexity of our low-dimension beamspace
channel estimation scheme is O ([max (bu, bd)]g) which is
@) (303). From this perspective, our 3D MUBT scheme is
competitive in 3D massive MIMO system application.

6.2 Data transmission

The SE in this subsection is defined as SE = SE, + SE;
Gy N

where SE, = %l; k§1 T}tﬂ log, (1 + ygfk>, a € {u,d}, the
factor % is for the HD mode which does not exist in the FD
case. To validate the feasibility and illustrate the effective-
ness of the FD 3D MUBT scheme, Fig. 6 compares the SEs
versus average receive SNR in different scenarios. It can be
seen that the FD 3D MUBT achieves the best performance
both in the low SNR and high SNR region. The rea-
son is that even though assuming the DL reciprocity, the
training overhead in [24] is still larger than the proposed
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T T

—%— proposed (HD)
- —[— proposed (FD)
— © — conventional (HD) |]

average receive SNRs

Fig. 4 Comparison of the UL channel estimation performance between the beamspace channel estimation and conventional estimation versus

15
SNR(dB)

scheme. Besides, by using the user scheduling algorithm,
the anti-SI capability of the proposed scheme outper-
forms the linear transceiver. Nevertheless, as the SNR
grows, the performance gap between the FD 3D MUBT
scheme and the FD scheme with linear transceiver
decreases, and that between the HD 3D MUBT scheme
and TDD case increases. The reason of them both is
that as the SNR increases, the truncation error limits the

performance of the proposed 3D MUBT scheme. What
is more, the HD 3D MUBT outperforms the FDD [12]
mainly due to the less training overhead.

Meantime, the comparisons that with less number of
antennas ( 15 x 15 ) and no user scheduling are made.
As expected, with less number of antennas, the overlap of
beamspaces will increase which will increase the IGI and
SI. Similarly, without the user scheduling algorithm, the

—%— proposed (HD)
— © — conventional (HD)

=max{b ,bd}
T 44 Y
v 10t =54
=72
10°%F
-10 -5 0

15

SNR(dB)

Fig. 5 Comparison of the DL channel estimation performance between the beamspace channel estimation and conventional estimation versus
average receive SNRs
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100{| —&— HD (TDD) [5]
—e— HD (FDD) [12]
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Fig. 6 SEs versus average receive SNRs in different scenarios
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SNR (dB)

orthogonality of beamspaces between different groups of
simultaneously scheduled users and SI cannot be guaran-
teed. And the CCI will also damage the system.

In the previous simulations, the SBg; is set to the fixed
value. To investigate how the SI level influences the SE
performance in the FD massive MIMO systems, we com-
pare the performance between HD system and FD system
with different SI level Bs; in Fig. 7. As expected, the

performance of FD systems outperform that of HD sys-
tems when B level is low and reduces as Ss; grows. It
is observed that in the low Bg; regions, the linear FD
scheme achieves the better SE performance, which is
because when the SI is relatively small, the channel esti-
mation error, IGI and AWGN restrict the SE performance
mainly; then, as a result, the linear scheme outperforms
the proposed scheme due to the truncation error. For

70

65

60

55

50

45

40

Spectral Efficiency (bit/s/Hz)

35

30"_’—’_'—'_'_'—%

—— 3D MUBT
FD (linear) [24]

—&— HD (TDD) [5]

—@— HD (FDD) [12]

1

10 20 30

40 50 60 70 80
By, (dB)

Fig. 7 SEs versus Bg in different scenarios with average receive SNR= 10dB
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Fig. 8 SEs versus average DL receive SNRs in different 3D precoding scenarios

the similar reason, when the SI becomes the dominate,
the impact of the SI on the two schemes is almost the
same; therefore, the linear FD is superior when the SI
level is high. However, when the Sg; is within (8,45), the
FD 3D MUBT scheme outperforms the linear FD, which
indicates that with the user scheduling strategy, the FD
3D MUBT scheme has better anti-SI capability. In other
words, applying the FD 3D MUBT scheme can lower
the requirement for the SIC techniques. Take SE = 49
bit/s/Hz for example, the corresponding Bs; for the FD
scheme with linear transceiver and the FD 3D MUBT
scheme are 20 and 30dB, which indicates that the SIC
capability in conventional FD system needs 10dB more
than that in the proposed scheme and will bring the extra
hardware cost and complexity.

6.3 3D precoding schemes

According to [14], the channel correlation matrix can be
well approximated by the Kronecker production of the
correlations in horizontal and vertical directions, i.e., C =
C;, ® C,. Based on this, [37] designs a eigen-beamforming
scheme. This scheme first chooses the principle eigenvec-
tor of C,, to perform the vertical dimension beamforming,
then use the eigenvector matrix of Cj, to do the horizon-
tal dimension beamforming. In [16], Li et al. exploit the
eigenvalue characteristic of large-scale UPA as discussed
in Section 5.2 (23), and select the optimal DL beamform-
ing vector for the kth user as by = (FNh);,n ® (FNV):,m to
maximize the average signal-to-leakage-plus-noise ratio,
where n and m are the indexes of columns where the max-
imum eigenvalues of C;, and C, are, respectively. In Fig. 8,

we investigate the DL transmission with different 3D pre-
coding schemes under the different conditions of §,. Here,
we get rid of the 1/ 2 pre-log factor of the DL SE for the
sake of illustration. We can see that the proposed scheme
achieves the best performance. The performance of eigen-
beamforming scheme decreases when §, increase. This is
because the power of the channel is concentrated around
the dominant eigenmode, and as the vertical AS increase,
the power of the principle eigenvalue decrease. More-
over, the 3D beamforming scheme is insensitive to 8,
under this setup*. However, we can see that the SE perfor-
mance of the proposed scheme increase as §, grows; this
can be explained by (14). The dimension of the beamspace
channel increases as AS grows while keep the distance
between the beamspaces of groups and the IGI at accept-
able levels, which as a result improves the SE.

7 Conclusions

In this paper, we propose a 3D MUBT scheme for FD
cellular systems. By adopting the property of beamspace,
the 3D MUBT scheme can not only efficiently miti-
gate the SI due to FD transmission, but also significantly
reduce the overhead of channel estimation. The simula-
tion results show that the proposed 3D MUBT scheme
outperforms the FD scheme with linear transceiver and
the HD (TDD/FDD) schemes in massive MIMO cellular
system.

Endnotes
!Note that in FD techniques, the antenna configura-
tion can also be the shared type, which only needs one
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antenna array to accomplish transmission and reception
[19]. Nevertheless, due to the serious cross-talk within the
antennas, it is impractical in MIMO system for now.

2We assume that the radius of the cell is 1000m. Accord-
ing to the 3GPP LTE BS-to-user and user-to-user path
loss models for macrocell environment [36], the path loss
between BS to users and users to users are PL = 2.7 4+
42.8log;, (Rps-ue) and PL = 55.78 + 40log;, (RUE - UE)s
respectively, where Rps . yg and Ry - yg are distances in
meter. When the distance between BS and users is 400m
(the shortest distance between users and users is 350m
according to the Algorithm 1), the interference channel
between the two users is about 43dB weaker than the
useful channel.

3 The estimated DL CSI feedback process is also impor-
tant and is studied in a lot of literatures [11, 38, 39]. Choi
et al. [39] shows that the influence of channel feedback
noise and errors can be made negligible with respect to
the channel estimation errors especially when the SNR is
high, hence in this paper we consider the ideal DL CSI
feedback for simplicity, as assumed in [12].

*In fact, the simulation results in [16] have the simi-
lar conclusion with the eigen-beamforming scheme, but
when the number of user in each group is small, the
decrease of the SE performance is inconspicuous.

Appendix: Proof of Lemma 3
Since both Fy, and Fy, are unitary, then F is a unitary
matrix, based on which we can obtain

| Jés] ]

The vectorized BD SI channel is gs; = vec (Ggy), and the

=E[|BGaF!|*] =E[IGs?].  9)

vectorized BD SI channel is g = vec (Gg). According

to (7), (8), and (22), gs; can be represented as

1 1
gs; = vec (Ggp) = (C% ® C,%) vec (Gy)

1 1
~(choch)s (choch)s
1 1
(FNhDThFNh> (FNV %Vng> ® (FNhDI%hPII;IIh>

(50)
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Based on (49) and the property IE|:HG51H2i| =

E [||gs,||2], we can get

#[lc

Ny,N,— 1 1
LR [H (Ff ®F,) (FD;PH> ® (PD;FH) 8w

[*] = [ivec (e Gkt ] =5 | o) ]

]

(51)

Then, we have
-2 N 1 1
E [HGS,H ]NV’Né gl (FD;FHFZ> ® (FD,@FHpﬁ)
1 1
x (F;"PD;FH) ® (P,PD;FH> 8w
(52)

According to (29), [”GSI H ] can be effectively repre-

sented. Take the last two brackets of the right side of (34)
for example, which is denoted as /; and I, , we have:

co {ar) row
L = FfFD?FH ~ (F{Bu})*F{Arl} (D%) ’ (FH){AT }

(53)
and
1 col 1 {Ar} row
L, =FFD.F! ~ P{Bd}p{AR }(Dfe> (FH){AR }
(54)
where B, = ARY, Ba = [(@)1¥)] are

the beamspaces of transmit SI and receive SI, respec-
tively, P = F? is the permutation matrix and d =
(1,2,--- ,N,N;,)T denotes the indexes of rows of Dg. It
can be observed that (53) and (54) become equality as N,
and Ny, tend to infinity. The other brackets can be similarly
approximated as I; and I do. In that way, if B, N By = ¢}

)
and B; N Br = ) are satisfied, E [HGSI H :| will approach
zero as N,, Nj, — oo. The proof is completed.
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