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ABSTRACT As an effective solution to the tradeoff between array size and the number of antenna elements,
dual-polarization antenna is widely utilized in massive MIMO systems. However, the existing channel state
information (CSI) feedback schemes are not suitable for dual-polarized massive MIMO as they ignore
the polarization leakage between the polarization directions, causing significant performance degradation.
To facilitate accurate channel acquisition, this paper proposes a practical channel model for dual-polarized
massive MIMO by taking polarization leakage into consideration. The model formulates the channel as
the sum of two components, i.e., the ideal polarization channel and the polarization leakage channel
between the polarization directions. Based on the channel model, the eigenvector structures of both the ideal
polarization channel and the polarization leakage channel are analyzed. Moreover, two novel CSI feedback
schemes are also designed, i.e., explicit feedback scheme (EFS) and implicit feedback scheme (IFS).
In EFS, the parameters determining the eigenvectors of the two channels are fed back explicitly, while
the two channels are fed back using predetermined codebook in IFS. Extensive link level and system level
simulations are conducted to validate the performance of the proposed schemes and the results show that

they significantly outperform the existing CSI feedback schemes.

INDEX TERMS Dual polarization antenna, massive MIMO, CSI feedback, polarization leakage.

I. INTRODUCTION
The fifth generation mobile communication (5G) is targeting
ubiquitous, high speed, low latency, highly flexible wireless
communication for a wide spectrum of applications includ-
ing enhanced mobile broadband (eMBB), massive machine
type of communication (mMTC) and ultra-reliable and low-
latency communications (URLLC) [1]. One prominent goal
of 5G is to significantly improve the capacity of current
wireless networks. For this purpose, several technologies
including ultra-dense networks (UDN) and millimeter wave
communication (MWC), are proposed [2]. Among them,
massive MIMO is widely viewed as a key component of 5G as
it can enable efficient spectrum sharing by serving multiple
user equipment (UE) simultaneously using low complexity
linear precoding schemes [3]-[5]. Moreover, massive MIMO
is also compatible with many other key 5G technologies such
as UDN and MWC.

The performance of massive MIMO depends on antenna
scale and the accuracy of channel state information (CSI).

Given a form factor, the number of antenna elements is
inversely proportional to antenna spacing. A minimum spac-
ing should be kept between adjacent antenna elements to
avoid correlation but small array size is preferred in practical
deployment. As antennas with different polarization direc-
tions are uncorrelated even if they are deployed at the same
spot, dual-polarized antenna is a good solution to the tradeoff
between the number of antennas and array size, and thus is
widely used in massive MIMO.

Another crucial factor for the performance for massive
MIMO is the accuracy of CSI. In massive MIMO systems,
CSI is usually estimated at the receiver and fed back to the
transmitter [6], which uses CSI for various purposes such
as scheduling and precoding. In long-term evolution (LTE),
the CSI feedback contains a channel quality index (CQI),
a rank index (RI) and a precoding matrix index (PMI) [7].
CQI indicates the preferred modulation scheme and code rate,
RI shows the rank of the MIMO channel, and PMI provides
the preferred precoding matrix out of a pre-defined set of
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matrices [7]. In closed-loop MIMO systems, inaccurate CSI
can result in severe degradation of the beamforming gain,
as the interference among layers and users is cannot be fully
canceled.

For CSI acquisition, limited feedback techniques are com-
monly used in massive MIMO (e.g. [8]-[11]), in which
eNodeB acquires CSI based on the PMI feedback of UE. The
most essential problem in limited feedback techniques is the
design of the codebook, which contains all possible PMIs.
The codebook needs to be small to reduce feedback overhead
but also to describe the channel condition accurately for good
performance. There are two methods for codebook design.
One is Grassmanian line/subspace packing, which utilizes
information from the connection between Grassmannian line
packing and quantized beamforming to find constructive
methods for designing codebooks [12]-[14], Another is to
adapt vector quantization (VQ) techniques in source coding
and send only the index of the codeword, which achieves
significant compression [15], [16].

For dual-polarized massive MIMO systems, the codebook
is typically designed based on an analysis of the channel
model to match the channel characteristics. For example,
an efficient Grassmannian quantization codebook is designed
based on the sequential smooth optimization on the Grass-
mannian manifold in [17]. Zhu et al. and Leung et al. used the
discrete Fourier transformation (DFT) to match the phase dif-
ference in codebook design, as the DFT-based beamforming
weight vector is considered simple and effective for spatially
correlated channels [18], [19]. Some researchers address the
problem of codebook design for correlated channels using
the statistical information about the spatial correlation among
the antennas to reduce feedback overhead [20]-[23]. Antenna
polarization is also considered explicitly in the design of
codebook in [24]—-[26], which has became the conventional
choice of massive MIMO deployment. LTE-A analyzes the
feature of polarized channel, and a set of codewords are
derived to match the ideal dual-polarized channel [25], [26].
However, to the best of our knowledge, there is no existing
research on the codebook design for imperfect dual-polarized
massive MIMO.

In this paper, a model for imperfect dual-polarized chan-
nel is formulated, which treats the channel as a combina-
tion of the ideal polarization channel and the polarization
leakage channel. Based on the channel model, the influence
of polarization leakage on CSI feedback is analyzed. The
optimal channel feature vectors and precoding weights for
imperfect dual-polarized channel are derived, and two novel
feedback schemes are proposed. In the explicit feedback
scheme (EFS), parameters determining the eigenvectors of
the ideal polarization channel and the polarization leakage
channel are fed back explicitly through quantization. In the
implicit feedback scheme (IFS), the ideal polarization chan-
nel and the polarization leakage channel are fed back using
predetermined codebook. Extensive simulations are con-
ducted to validate the performance of the proposed feedback
schemes.
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Our contributions are three-fold. The first is a general
model for imperfect dual-polarized channel, which could pro-
vide insights for the design of feedback schemes. The second
is the two feedback schemes based on the detailed analysis
of the characteristics of imperfect dual-polarized channel.
Lastly, we conduct extensive simulation to validate the per-
formance of the proposed feedback shemes.

The remainder of the paper is organized as follows.
Section II introduces the system model. The quantization
efficiency of existing codebooks is analyzed in Section III
and the model of imperfect dual-polarized channel is for-
mulated in Section IV. Section V presents our two feedback
schemes, i.e., EFS and IFS. Simulation results are presented
in Section VI while Section VII concludes the paper.
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FIGURE 1. An illustration of a M; x M; dual-polarized MIMO system.

Il. SYSTEM MODEL

Considering a MIMO system which employs transmit beam-
forming and receive combining respectively, the transmitter
and receiver utilize M; transmit antennas and M, receive
antennas, respectively. As dual-polarized antennas are used,
M, and M, are assumed to be even numbers. The antenna
configuration is shown in Fig.1, where the Vy,, denotes
antennas with vertical (V) polarization and Hga,; denotes
antennas with horizontal (H) polarization. Besides vertical
and horizontal polarization, other polarization modes, such as
(+/—45) degrees are also possible as long as the two polar-
ization directions are orthogonal. On transmitter side, the data
symbols s are precoded with p and transmitted via polarized
antennas along with the pilot signals. On the receiver side,
the channel matrix is estimated from the pilot signals and
the optimal precoding matrix is obtained accordingly. The
optimal precoding matrix is then quantized and fed back
to the transmitter via the feedback link with limited capac-
ity. The transmitter uses this precoding matrix for the next
transmission.

y = /pz*Hps + z*n 2.1

We assume the fading is flat, which means the channel is
constant in the considered frequency range. Note that this
assumption generally holds as we can divide the working
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band of the system into sub-bands and feedback a CSI for
each sub-band independently. The channel matrix can be
modeled by the input-output relation from V to V, V to H,
H to H, and H to V polarized waves.

We can express the received signal y at the receiver as:

where z* is the M,-dimension unit-norm receive
combining vector at UE, p is the M;-dimension unit-norm
beamforming vector at evolved Node B (eNodeB), n is
the M, dimension noise vector, which contains independent
and identically distributed (i.i.d.) entries of Gaussian noise,
s is the transmitted symbol with unit energy E;(ss'’)
1 and p is signal to noise ratio (SNR). Channel H is a
dual-polarized MIMO channel parameterized by a parameter
k [10], the cross polarization power ratio in linear scale,
which can be expressed as

H=H, X 2.2)

where e denotes the Hadamard product between two
matrices. H,, € CM-*M: denotes the single-polarized chan-
nel, which models a channel with no power imbalance
between the polarization directions. X e CM>Mi js a
matrix describing the power imbalance between the orthogo-
nal polarization directions, which is determined by parameter
k € (0,1). « is the inverse of the Cross-Polarization Dis-
crimination (XPD), and XPD € (1, +00). XPD is a ratio
between the co-polarized average received power and the
cross-polarized average received power. The relation between
X and « can be formulated as

[k e

Where X denotes the Kronecker product between two
matrices. If H,, is modeled based on channel rays and the
UE is assumed stationary, the channel between an arbitrary
antenna pair (, s) can be expressed as (2.4), which is derived
by extending the channel model in [27] to 3D.

M T
H, (1) = \/}Tn Z |:§rx,u,v((pn,ma Vn,m):|
m=1

: (2.3)
1 M, xM;

rx,u,H(‘/)n,mv Vn,m)

JK exp(i@ﬁ’,’m)}
exp(jo,)

] -exp(j21 Ay s - Pm)

exp(j®;),
\/Eexp(jdbﬁl”vm)
x th,x,V((pn,m» en,m)
th,x,H(¢n,ma Gn,m)

x exp(2 iy Fu - W) (2.4)

where n denotes the index of clusters and m denotes the
index of rays. ¢, and y,, are the horizontal and ver-
tical angle of arrival for ray m in cluster n, respectively.
@n.m and 6, , denote the horizontal and vertical departure
angle at ray m in cluster n. Fy , v and F , g are the antenna
gain in the vertical and horizontal polarization directions and
they are functions of ¢, ,, and ¥, . ds and d,, are the uni-
form distances (m) between transmitter antenna elements and
receiver antenna elements, respectively. A is the wavelength

23422

of the carrier frequency. exp(j®,",) and epr’@ﬁf’m) denote
the random phase of each ray in the vertical and horizontal
polarization direction, whereas exp(j@,‘;]:‘m) and exp(icbﬁj’m)
denote the random phase of polarization leakage. 1 x 3 vectors
r, and ry denote the coordinates of the transmit and receive
antennas in the space. <i>n,m and \iln,m are the vectors of
the Angle-of-Arrival (AoA) and Angle-of-Departure (AoD).
P, denotes the power of the n-th ray.

For the received signal in (2.1), we assume the maximal-
ratio combiner (MRC) is adopted at the receiver, which uses

z* = (Hp)" /| Hp|| and maximizes the SNR y given by (2.5).

y = J/plHp| (2.5)
To maximize y, codebook design can be formulated as
p™" = E{arg max |Hpl|F} (2.6)
peCB

Currently most researches assume that there is no polar-
ization leakage between the polarization directions, which
means k = 0. Without polarization leakage, the cross-
correlation of the channel is block-diagonal, which is the
basis of many feedback designs. The cross-correllation
matrix of highly-correlated channel and non-correlated chan-
nel under dual-polarized massive MIMO are analyzed in [25]
and [26], which shows they are far from block-diagonal.

The assumption of no polarization leakage is highly
impractical. Typical XPR is between 7.2dB and 8dB, which
means k is between —7.2dB and —8dB [28]. In [29], it is
reported that the outdoor to indoor (O2I) polarization leakage
of the 3D-UMi and 3D-UMa channel follow Gaussian distri-
bution with a mean of 9dB and standard deviation of 11dB.
Polarization leakage can damage the characteristics of the
eigenvectors, making existing channel model fail to match the
eigenvectors. Therefore, when designing codebooks for dual-
polarized channel, polarization leakage should be considered.

Ill. CODEWORD MODEL FOR PERFECT

DUAL-POLARIZED CHANNEL

For an ideal polarization channel with « = 0, the analysis
in [25] and [26] shows that H” H is block diagonal. Specifi-
A O]
OA[
whereas for non-ideal correlated channel, we have HTH =

A Bi| where A and B are (M;/2) x (M;/2) matrices, and

cally, for ideal correlated channel, we have HAH =

BAYJ|
O is all zero matrix. Therefore, for ideal polarization chan-
Vi Vj

nel, the eigenvectors can be expressed as -
v, —ovj

or

|:‘8 8i|, where v; and v; are (M,/2) x 1 vectors, and o is
j

a complex number whose magnitude is 1. If the channel is
highly-correlated line-of-sight channel, we have v; = v;,
which are DFT vectors when the BS antenna is uniform linear
array (ULA). If the channel is not highly correlated, v; = v;
still holds, but they are the weighted combinations of several
DFT vectors. The higher the correlation among the channels,
the smaller the chord distance between v; and v; will be,
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and vice versa. As demonstrated by equation (2.6), when
codeword matches the feature of dual-polarized channel, high
SNR can be achieved. We use the chord distance to measure
how well the codeword matches the channel, which is defined
as follows

1 /o INH
d ﬁnvv’f VOOl
1
V2

The performance of ideal polarized channel model can
degrade severely due to polarization leakage. When M, is
small, the performance degradation caused by polarization
leakage is negligible as the beam generated by precod-
ing or beamforming is wide. As M; increases, the beam
becomes narrower. If the eigenvector model derived from
ideal dual-polarized array is employed for codebook design,
the performance degradation can be significant.

We demonstrate the performance of the codeword based
on the aforementioned eigenvector model with simulations.
We set Tx antenna number as 32 and 64, and Rx antenna
number as 2. Moreover, we set XPR=5dB, i.e., k = —5dB.
The quantization performance is evaluated by the chord dis-
tance (d) between the codeword and the real channel eigen-
vector. d=0 corresponds to the case in which there is no
quantization error. We assume that there is no overhead limit
for the feedback of v;, v; and «. The CDF of d is shown
in Fig.2.
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FIGURE 2. The CDF of the upper bound of the chord distance.

The results show that for 32 Tx, the probability that the
chord distance between the codeword and the channel eigen-
vector is larger than 0.5 is approximately 53%, whereas
the probability is 60% for 64 Tx. These results reveal the
large quantization error of the aforementioned codeword.
As d=0.5 means a 3dB loss in beamforming gain, the SNR
y can be degraded by more than 3dB. XPR=5dB is just a
typical value, the « can be much larger in practice which sug-
gests more severe performance degradation. In conclusion,
the performance of the feedback model can be significantly
degraded if polarization leakage is ignored. Thus we need a
channel model and feedback scheme that take polarization
leakage into consideration.
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IV. MODEL FOR IMPERFECT DUAL-POLARIZED CHANNEL
We consider a N; x 2 massive MIMO system which is
mostly typical in practice as UE does not have enough space
to hold more antennas at low frequency. The transmitter is
typically (+45/—45) degree dual-polarized, and the receiver
is (90/0) degree dual-polarized. According to the channel
model in (2.4), the frequency domain channel matrix can be
formulated as (4.1) under the assumption of flat fading

N M
H=) "% e 2mnp,  x POzam) ® vs,,) (4.1)

n=1m=1

where ¢ 72™fitum is the coefficient corresponding to the
channel delay, f; denotes the carrier frequency, 7, , denotes
the delay of a path and A, ;, denotes the amplitude of that
path. vg, , is a vector determined by the Tx antenna topology,
which models the phase relationship among antennas caused
by multiple path fading. For typical ULA, vy, , is a DFT
vector which can be expressed as follows

) . NI
Vo, = (1, e/an cos(Q,Lm)7 o 61(7’—1)21101 cos(@n,m)] (4.2)

where d is the ratio between antenna spacing and wave
length, and 6, ,, is the azimuth angle of the path.

When the transmit antenna is a N, vertical and N; j; hor-
izontal dual-polarized antenna with Ny, x Ny x 2 = N;
elements, Voum is the Kronecker product of two DFT vectors,
whose beam direction depends on the azimuth and vertical
angle of the path as follows

Vo, = [1, 2408 Oum) Nty =D)2md cosm)

@1, P I e (4.3)

where ¢, » is the vertical angle of the path.
P(xz, m) models the random phase and projection between
the polarization directions of the Rx and Tx antennas.

exp(j®)), Vi exp(®L,)
Jeexp@t ) exp(i@lh )

P! is the polarization of the projection matrix, whose
superscript and subscript are the polarization angles of the Tx
antenna and Rx antenna, respectively. In our model, we have

V2o V2
pés—as _ | 2 2
r(90,0) \/i ﬁ
2 2
It is difficult to analyze equation (2.2) due to the Hadamard
product. We rewrite the channel model as follows

P(xz,m) = P x [ } (4.4)

(4.5)

H=H,eX=H, + xH. (4.6)

where H, is the ideal dual-polarized channel, and \/k H; is
the polarization leakage channel.
Combining (4.4) and (4.6), we have

N M
He =) ) e PmmA,  x (Px)um ®Ve,,) (4.7)

n=1 m=1
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N M
Ho =) "> e PmmA, 0 x (P )nm ®vg,,) (48)

n=1 m=1
where
exp(jory 0
PxD)ym = PL x |: P(JO ,m exp(ol, } 4.9)
0 ex CDVh
(PZ;)n,m B Ptr X |:6Xp(]q)hv p(]O ):| (4.10)

Since (Px!)n,, and (Pz.),,, contain the random phase,
(4.7) and (4.8) can be simplified into

N M
DN Aum x (PxDpm ®vg,,)  (411)

n=1m=1

H,

N
Z Z A X (PZm ®Ve,,)  (4.12)
n=1 m=1

Based on (4.6), we want to obtain the optimal Tx precoding
vector, which is the right singular vectors of H. Therefore,
we investigate H H, whose eigenvectors are the right singu-
lar vectors of H.

H'H = H/H, + «H/H, + VxH'H, + H/H,) (4.13)

For the antenna configuration ¢t = (45,—-45), r =
(0,90), we can express HH,, H'H,, H/H,, H/H, as
(4.14)~(4.17) in Appendix A.

In our model, we decompose the channel into the ideal and
non-ideal part, which is convenient for the design of feedback
schemes as will be shown in the next section.

V. MULTI-COMPONENT CSI FEEDBACK SCHEMES

Recall HH in (4.13), according to the analysis in Section I'V,
for the antenna configuration with + = (45, —45) and
r = (0, 90), H'H can be expressed as

HYH = [‘;‘ ﬂ + K [g lc)} + ﬁ[g _FE] (5.1
where the expressions for block A, B, C, D, E and F are
provided as (5.17)~(5.22) in Appendix B.

When « is small, the last two terms in (5.1) tend to 0. How-
ever, as k increases, the impact of the last two terms in (5.1) on
the eigenvalues and eigenvectors becomes more significant.
Note that channel eigenvalues monotonically increase with «.
Based on the channel model, two feedback schemes are
designed for non-ideal dual-polarized channel. One is explicit
feedback, which feeds back the ideal and non-ideal compo-
nents of the channel directly. This scheme provides sufficient
information to reconstruct H” H and is more efficient when
the number of antenna is large. The implicit feedback scheme
feeds back the components of HH based on codebook,
which has higher quantization efficiency.

A. EXPLICIT MULTI-COMPONENT CSI FEEDBACK SCHEME
Explicit scheme quantizes HY H and feeds it back. Note that
the three components of H”H in (4.13) are all Hermitian
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matrices, which can be reconstructed with their eigenvalues
and eigenvectors. Therefore only the eigenvalues and eigen-
vectors need to be fed back rather than the entire matrix.
Feeding back all three matrices in (4.13) explicitly may lead
to large overhead, the conventional way is to ignore the
"d and 3" matrix. Thus the channel model is simplified to

Model 1:
HPH ~ [A B}

B A (5.2)

However, based on the previous analysis and simulations,
Model 1 fail to consider the polarization leakage and may
lead to significant performance degradation when the num-
ber of Tx antennas is large. Nevertheless, feedback design
may suffer from large overhead if all the three components
in (4.13) are fed back. In order to enhance performance with-
out significantly increasing the overhead, we can abandon the
2nd or 31d component in (4.13) in CSI feedback. The results
are the following two models.

Model 2:
He . [A+«C B+«D
H H”[B+KDA+KC (>3)
Model 3:
A B F
HYH = [B A]+f [ _E} (5.4)

TABLE 1. Power loss of the explicit feedback models.

Model 1 | Model 2 | Model 3
XPR Power Power Power Model dexcription
Loss Loss Loss
-12dB | 25.42% 19.11% 4.80% Model 1 HIH ~
A B
-11dB | 28.65% 20.70% 5.84% B A
-10dB | 32.33% 22.33% 7.06%
Model 2 HF H ~
-9dB 36.55% 23.96% 8.50% A+xC B+kD
B+xD A+«kC
-8dB 41.42% 25.58% 10.18%
-7dB 47.09% 27.13% 12.12%
-6dB 53.72% 28.60% 14.33% Model 3 HEH ~
A B 4
-5dB 61.56% 29.93% 16.83% B A
E F
-4dB 70.91% 31.10% 19.62% Vi F -—-E
-3dB 82.17% 32.05% 22.69%

It can be proved that the power loss of the received signal
K

Ty and T jE " for Model 2 and Model 3, respec-
K++/K

tively. Compared to Model 1, whose power loss is el
the performance is improved. We evaluate the power loss
when the number of Tx antennas is very large, so that the
eigenspace of the three matrices are asymptotically orthog-
onal. The evaluation of the power loss for different XPRs is
shown in TABLE 1.

is
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From the above analysis, it can be seen that Model 2 and
Model 3 have much smaller performance loss compared
to Model 1, thus can be employed for practical feedback.
According to the analysis of [22, (5.1)], the eigenspace of

Hermitian matrix HXH H, = is V,, which can be

A B
B A

voo Y2
2 [ v
> A exp(g] vy

W= ! 5.6

! norm(ZA,-exp(gof)vg) (56
> Aiexp(@f vy,

V= 5.7
norm(}_ A; exp(d)f‘)vg ) ©7)

described as follows:

(5.5)

The two eigenvalues are

A= norm(ZAi exp(pi Wi )? (5.8)

A= norm(z A; exp(q&f)vg{_ )? (5.9

4

where ¢ and ¢ follow a uniform distribution in the range
of [0, 27r]. Therefore, we have

HYH, =V, ) (V)"

where ) = diag(A], A3).
HIH, =

(5.10)

can be analyzed in a similar way to

E F
F —E

D
CD

HYH,. As (H/H, + H'H,) = [ i| its eigenspace is

3 X X
Vv, = V2 e 5.11)
2 [va M
> Asexp(gf Wl
v = d (5.12)

norm(z Aj exp(pf )vg )
1

> Aiexp(¢] vy
X _ J .1
norm(Z A; eXp(qﬁ,-X )Vg) o1

Note that Vy, V,; and V, have the same parameter vg ,

which contains the direction information of the i-th ray, and
A; which contains the amplitude information of the i-th ray.
Those parameters can be provided by long term and wide
band feedback. Only phase parameters ¢¥, ¢¥, ¢7, 7, ¢,
¢>iX in Vy, V,, V, requires short term and sub-band feedback.

The specific feedback design is shown in TABLE 2.

We assume that the amplitude information A; takes 3 bit,
phase value/differential phase value takes 2 bit, direction
vector takes 8 bit, and ./ takes 3 bit. The overhead of feeding
back the eigenvectors of H)IC'I H, is analyzed in Appendix C.
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TABLE 2. Feedback design for the parameters.

Report Type Period ;rr:rcllllll; r;lct}; Description
Ray Power N
A;i=1,2---N Long term | Wideband is the number
of main paths
Level 1 o7 — ¥ X Construct the
i=1.. N1 Long term | Wideband eigenvectors of
HIH, =
Level 1 ¢ — ¢7_, X A B
i—1. N1 Long term | Wideband B A
Level 1 pX — X | Construct the
orp? — 7 Long term | Wideband elger}}/ectors of
i=1---N-1 H H. =
C D
D c|”
Level 1 ¢ — ¢, HYH. + HI'H,
or ¢ — 7y Long term | Wideband _[E F
i=1.---N-1 ~|F E
Level 2 7 — o7 Construct the
=1 v N _11 Short term Subband cigenvectors of
HIH, =
Level 2 ¢F — ¢7_ A B
i1 N1 Short term Subband B A
Level 2 X — X | Construct the
or pf — 7 4 Short term Subband elger}}/ectors of
i=1---N-1 HYH. =
C D
D c|”
Level 2 ¢ — ¢% HIH. + HIH,
or¢? — 7y Short term Subband _[E F
i=1---N—-1 ~|F E
NG Long term ‘Wideband XPR information

B. IMPLICIT MULTI-COMPONENT CSI FEEDBACK SCHEME
Besides quantizing the eigenvectors of the channel matrix
directly, we can also construct the optimal precoder pfina by
combining several codewords selected from multiple code-
books. Note that (4.13) can be rewritten as

de [A+«C B+«D F E
HH_|:B+KD Atrcc|TVElE p| G149

For Rank-1 feedback, the upper bound is

E in |Hp|>
{arglgglcré Hpllz}

< E larg min |p? A+«kC B+«D
- gplecgl LIB+«kD A+«C P F
F E
. H
+E {argpzrglcr}gz P2 K [E _F} P2 F}
~ E mi C(p1, p2, k, M)
{argplecBhlpI;ECBz (pl p2 “ )

A+xkCB+«D
B+«D A+ «C
F E
+ﬁ[E _F])F(Pl’l’zafaﬁ) lrp} (5.15)

The approximation above decomposes the problem of
deriving the optimal p,, into two sub-problems, i.e., deriving
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. A+kCB+«D .
the optimal p; for |:B LD A4k C:| and the optimal p;
for |:]I; _EF . The resultant precoder p,,,,, is a combination of

P1, P2, Given weight phase ¢ and the weight amplitude K,
the final precoding vector can be expressed as

Pyt =T(1.p2. K. 9)=p1 +Ke'’py (516
The two codebooks correspond to the eigenvector of differ-

ent mz)tctrzicegc. ZThus the codebook models are different, which

are | 1, 2:.|and v}( sz , respectively. The codebook
i ™" V2 N

for each model can reuse the design methods in LTE-A. The

feedback information is listed in the following TABLE 3.

TABLE 3. Design for implicit multi-components CSI feedback.

Report Period Frequen;y Description
Type granularity
the 1-st level information
Level 1 . of the optimal precoder for
f1 Long term | Wideband A +xC B+ xD]
B+xD A+kC
the 2-nd level information
Level 2 of the optimal precoder for
f1 Short term Subband (A +xC B+ xD]
B+xD A+kC
the 1-st level information
Level 1 . of the optimal precoder for
o Long term | Wideband FOE]
E -F
the 2-nd level information
Level 2 Short term Subband of the optimal precoder for
f2 F E
E -F
9 Short term Subband the weight phase
K Long term | Wideband the weight amplitude

We assume that v{'%, v5'%, v{, vJ takes 8bit per vector.

As a result, when we don’t consider the polarization leak-
age, the feedback overhead is 16bit. When we consider the
polarization leakage, the feedback overhead is 38bit.

This scheme is suitable for channel dimensions that are
not very large and scattering, when the number of effective
multipath is large, such as 8, 12, 16, 32, etc.. If we use
the explicit approach, the cost will be high under large N.
Although the accuracy is inferior compared with the explicit
scheme, the overall overhead of the implicit scheme can be
controlled under reasonable budget.

VI. PERFORMANCE EVALUATION
In this section, the performance of the proposed feedback
schemes are validated using simulation.

A. LINK LEVEL PERFORMANCE EVALUATION

In this sub-section, we present the results of link-level simula-
tions. The channel is generated following the channel model
in [27]. CSI is quantized with the proposed schemes, and
quantization performance is evaluated by the chord distance
between the quantized channel vector and the real channel
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vector. According to the definition, smaller chord distance
means more accurate CSI and vice versa.

1) EXPLICIT MULTI-COMPONENT CSI FEEDBACK

We evaluate the performance of explicit CSI feedback
Model 1, Model 2 and Model 3 under different XPR. The
antenna is a uniform linear array (ULA) containing 1 x 32
dual-polarized antennas, which is often used in reality.

> >
£ H £
L 308
g, g
Q04| 004
o 2
Q |/ ~+Model 1 Q / ~+Model 1
027/ +-Nodel 2 027 o-Model 2
¢ —-Model 3 ] ~+Model 3
0+ o} 0 = J
0 02 04 06 08 1 0 02 04 06 08 1
chord distance chord distance
(@) (b)
1r I -
// A
08 4 08 /
s /-
a 06 1 a2 06 ;
8 3
9 04 { 9 04
Q ~+Model 1 Q ~+Model 1

+Model2 02
+Model 3
|

~¢-Model 2
~+Model 3
|

0 02 04 06 08 1 0 02 04 06 08 1
chord distance chord distance

(c) (d
FIGURE 3. The performance of the Single/Multi-Component CSI feedback
for correlated channel. (a) 64Tx, CDF of chord distance,explicit CSI
feedback, XPR=8dB. (b) 64Tx, CDF of chord distance,explicit CSI feedback,

XPR=5dB. (c) 64Tx, CDF of chord distance,explicit CSI feedback, XPR=3dB.
(d) 64Tx, CDF of chord distance,explicit CSI feedback, XPR=0dB.

Feedback Model 1 ignores the polarization leakage,
whereas feedback Model 2 and Model 3 takes polarization
leakage into consideration. Since our goal is to evaluate
different feedback models, ideal quantization of the multi-
path amplitudes and directions are assumed. The simulation
is conducted with XPR=0dB, 3dB, 5dB and 8dB, and the
results for correlated and uncorrelated channels are shown
in Fig. 3 and Fig. 4, respectively.

It can be observed that for correlated channels, the per-
formance of the multi-component CSI feedback based on
Model 2 and 3 is much better than single component CSI
feedback based on Model 1. Moreover, when polariza-
tion leakage is large, the performance of Model 3 is very
close to Model 2. However, when polarization leakage is
small, Model 3 has better performance than Model 2 in
Fig.3 (a), (b), (c). In general, the chord distance actually
measures the loss in beamforming gain. It can be observed
that for uncorrelated channels, the performance of the multi-
component CSI feedback is similar to that of the corre-
lated channel. However, compared with correlated channel,
the performance gain for the uncorrelated channel is larger.

2) IMPLICIT MULTI-COMPONENTS CSI FEEDBACK

The performance of implicit feedback schemes is also
evaluated. We compare the performance of the feedback
approaches based on a single codebook and two codebooks.
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FIGURE 4. The performance of the Single/Multi-Component CSI feedback
for uncorrelated channel. (a) 64Tx, CDF of chord distance,explicit CSI
feedback, XPR=8dB. (b) 64Tx, CDF of chord distance,explicit CSI feedback,
XPR=5dB. (c) 64Tx, CDF of chord distance,explicit CSI feedback, XPR=3dB.
(d) 64Tx, CDF of chord distance,explicit CSI feedback, XPR=0dB.
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FIGURE 5. The performance of the one/two-codebook feedback for
correlated channel. (a) 64Tx, CDF of chord distance,implicit CSI feedback,
XPR=8dB. (b) 64Tx, CDF of chord distance,implicit CSI feedback,

XPR=5dB. (c) 64Tx, CDF of chord distance,implicit CSI feedback, XPR=3dB.
(d) 64Tx, CDF of chord distance,implicit CSI feedback, XPR=0dB.

The single codebook scheme corresponds to the traditional
methods that does not take polarization leakage into consid-

X2 X2
. vyt
eration. The two codebooks follows the model |: 1. 2“1|
14 -V
K 1 2
and |: ! 2X:|, where v|'%, v5'%, vi and v} are 6-bit 32 x 1
2 "

DFT vectors for correlated channel and 8-bit random vectors
for uncorrelated channel. We utilize 4 bits to quantize the
phase and amplitude, respectively. The performance of the
two approaches is plotted in Fig.5 and Fig.6.

For correlated channel, when the antenna number is large,
single-component CSI feedback has very poor performance
while multiple component CSI feedback based on two
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FIGURE 6. The performance of the one/two-codebook feedback for
uncorrelated channel. (a) 64Tx, CDF of chord distance,implicit CSI
feedback, XPR=8dB. (b) 64Tx, CDF of chord distance,implicit CSI feedback,
XPR=5dB. (c) 64Tx, CDF of chord distance,implicit CSI feedback, XPR=3dB.
(d) 64Tx, CDF of chord distance,implicit CSI feedback, XPR=0dB.

codebook has much better performance. For uncorrelated
channel, the performance is similar to the correlated channel.
Furthermore, it can be seen that since the overhead is limited,
implicit feedback offers inferior performance compared to
explicit feedback.

B. SYSTEM LEVEL PERFORMANCE EVALUATION

We simulate the feedback schemes under antenna topology
M,N,P,Q) = (8,4,2,64), where M is the number of
vertical antennas, N is the number of horizontal antennas,
and P=2 means dual polarization. The simulation scenario is
3D-UMi /3D-UMa. See Appendix D for more details of the
simulation.

TABLE 4. Performance of single/multiple component explicit CSI
feedback, Non-full buffer.

Scenario CSI
/Offered | feedback | RU M(‘*&‘;)UP)W S(ZiHI)J P )T 3 ?ﬁbUP)T
Load scheme ps ps ps
22.69 314 19.14
sp-umi | Model T 0744 (500, (100%) (100%)
Offered 28.87 6.93 25.86
Load= | Model2 1 062 1 155550y | (22037%) | (135.12%)
20Mbps 32.86 9.55 3226
Model 3| 058 | 144850 | (303.57%) | (168.55%)
20.08 254 16.26
3D-UMa Model 1 0.76 (100%) (100%) (100%)
ISD 200m
Offered | Model2 | 0.64 | 2038 >-89 23.08
ere : (133.86%) | (231.89%) | (141.94%)
216(;2?): Model 3 | 0.60 30.08 8.56 30.12
ps : (152.79%) | (337.01%) | (185.24%)

1) EXPLICIT MULTI-COMPONENTS CSI FEEDBACK

The performance is reported in TABLE 4. It can be observed
that the multiple-component CSI feedback based on Model 2
has 27.25%~33.86% performance gain on the mean UPT
and 120.37%~131.89% performance gain on the 5% UPT.
The multiple-component CSI feedback based on Model 3 has
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TABLE 5. Performance of single/multiple component implicit CSI
feedback.

Scenario CSI Mean 5% 50%
/Offered feedback RU UPT UPT UPT
Load scheme (Mbps) (Mbps) (Mbps)
One
. | codebook 20.98 2.27 17.46
3D-UMI " eme | 0703 1 (lo0%) | (100%) | (100%)
Offered .
(Baseline)
Load= Two
20Mbps 23.02 2.78 19.27
codebook 1073 1 (109 725 | (122.47%) | (110.37%)
scheme
One
codebook 18.58 1.84 14.82
3]31'S%M“ scheme 0.78 (100%) (100%) (100%)
200m (Baseline)
Offered Two
Load= codebook 0.64 20.88 2.39 17.08
20Mbps scheme : (112.38%) | (129.89%) | (115.25%)

44.85%~52.79% performance gain on the mean UPT and
103.57%~137.01% performance gain on the 5% UPT.

2) IMPLICIT MULTI-COMPONENTS CSI FEEDBACK
The performance is reported in TABLE 5.

It can be observed that the multiple-component CSI
feedback based on two codebook has 9.72%~12.38% per-
formance gain on the mean UPT and 22.47%~29.89% per-
formance gain on the 5% UPT.

VII. CONCLUSION

In this paper, an analytical model for dual-polarized massive
MIMO with polarization leakage is formulated. The covari-
ance matrix of the channel is decomposed into two compo-
nents, i.e., the ideal polarization channel and the polarization
leakage channel. On this basis, we analyze each of the two
components and derive expressions of their eigenvectors, then
propose explicit and implicit feedback schemes. Compared

with feedback schemes for ideal polarization channel, simula-
tion results prove the proposed schemes provide significantly
improved performance with marginal increase in feedback
overhead.

APPENDIX A
EXPRESSIONS OF THE TERMS IN (4.13)
Expressions (4.14)—(4.17) are shown at the bottom of this

page.
APPENDIX B
EXPRESSIONS OF THE TERMS IN (5.1)

N,M N.M

=—xZZ(AnmAk1

n.m k,l

x [exp(iA®,) + exp(iAD,)] vi! V0k,1)

n,m

(5.17)
N.M N.M

:—xZZ(A,,mAkl

nm k,l

X [— exp(AD,) + exp(jAdDb)]
N.M N.M

:—xZZ(A,,mAkl

n.m k1l

x [exp(jA®D.) + exp(jADy)] vg‘mvek,,)
N.MN.M

=—XZZ(A,,mAk1

n.m k1l

x [exp(jA®D.) — exp(jADy)]
N,M N,.M

=—xZZ(AnmAk1

nm  k,l

(5.18)

H
V@,Lm‘}@k,l>

(5.19)

(5.20)

H
v0n_mV9k,l)

exp(jAD,) + exp(jADy)
|:+ eXp(]Aq)g) + EXP(]ACDh)] V(),, mVQk 1) (521)

iy _ V2 ’%4 ’%4 o [ [exp(ia®y) +exp(AP)IVE vg,  [exp(AD,) — exp(GAD)IVE vy,

e L b \ TR [exp(A®y) — expGAPI, Ve, —lexp(Ady) + exp(AD)IVE v,

Ay = Q) — D), Ady = — M (4.14)
iy _ Y2 %4 ’% o [ [exp(iA®e) + exp(APHIVE vo,  [exp(iA®e) — exp(i APV vy,

¢ e L b \ T [exp(A®e) — exp(AROIV, o, [exp(ADC) +exp(APHIV v,

A = Ol — @ ADy = O — D (4.15)
iy [ 5 ’% ’% o [TexpUa®) +expGAD)IE vy, [exp(A®) — expGAPVE vy, ]

x Hz L L n,mak,l [exp(jACDe) — exp(jACDf)]vgimvekl —[exp(jAD,) + exp(jACDf)]vg’mv(;kJ

Ab, = Ol — @ . ADp = P — oI (4.16)
i £ . ’% ’% . [[exp(iady) + exp( APV ve,  [exp(iady) — exp(i AV g, |

@ X e L\ kol | [exp(A®,) — exp(A®NIVE ve,  —[exp(Ady) +exp(Aadnlvy ve,

AD, = —ot L AD, =@ — ol (4.17)
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TABLE 6. 1 Simulation parameters for Macrocell Scenario.

Parameters Assumptions
Hexagonal grid, 7 sites,
Cellular Layout 3 Macro cells per site,
geographical based wrap-around
3D UMa ISD 200
Channel Model 3D UM ISD 200
Operating bandwidth (BW) 10 MHz

3D UMa ISD 200: 41dBm
3D UMI ISD 200: 41 dBm
3km/h
Transmitter:(N,M,P=8,4,2)
Receiver: 2Rx cross-polarized
antenna at UE
3D UMa ISD 200: 104°
3D UMI ISD 200: 100°
(dV,dH) = (0.8X,0.5},)

5ms for CSI,6RB

Rel-12 enhanced CSI feedback,
PUSCH mode 3-2,
ideal channel covariance R,
PMI feedback
Delay for scheduling and AMC 6ms
Scheduler Proportional Fair
MMSE-IRC
With non-ideal interference
covariance matrix estimation
by using complex Wishart
distribution with
12 degrees of freedom
(Model in TR36.829
with DMRS based sample
covariance matrix)

Tx Power

UE Speed

Antenna configuration

Downtilt

Antenna element spacing
CQI/PMI reporting interval
and frequency granularity

Feedback scheme

Receiver

HARQ Scheme Chase Combining
Maximum number 4
of retransmissions
Traffic model FTP1,packet size 0.5M
Non-ideal modeling
of channel estimation
error modeling
H=«a(H+E)
Feedback Assumption is used,
based on DMRS for
data demodulation,
based on IMR for
interference measurement
Handover margin 3dB

\/5 N,M N.M
F = 7 X Z Z (An’mAk’]
nm  k,l
exp(jAD,) — exp(jADr) | g
[+ exp(jAD,) — exp(iADy) | om0k (522)

APPENDIX C
FEEDBACK OVERHEAD OF IMPLICIT SCHEME
N = 2:1x3 bitamplitude ratio + 1 x 2 bit phase difference+
2 x 8 bit direction vector = 21 bits.
N = 3: 2x3 bit amplitude ratio + 2 x 2 bit phase
difference + 3 x 8 bit direction vector = 34 bits.
N=4:......
That is to say, the overhead of feeding back the eigenvec-
tors of Hfo is 13N-5.

VOLUME 6, 2018

When we consider the polarization leakage, the expenses
of constructing the eigenvectors of H H, as follows:

N = 2: 1x3 bit amplitude ratio + 1 x 2 bit phase
difference + 2 x 8 bit direction vector + 1 x 2 bit phase
difference in the polarization leakage part = 23 bits.

N = 3: 2x3 bit amplitude ratio + 2 x 2 bit phase
difference + 3 x 8 bit direction vector + 2 x 2 bit phase
difference in the polarization leakage part = 38 bits.

As a result, the expenses of constructing the eigenvectors
of HH H, is 15N-7.

APPENDIX D
SIMULATION SETTING FOR SYSTEM LEVEL EVALUATION
See Table 6.
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