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Abstract. In most wireless systems, the channel transmission loss of
millimeter wave signals is often greater than that of traditional signals.
Hybrid precoding can leverage large antenna arrays to compensate this
loss and further improve the spectral efficiency of millimeter wave. This
paper explores the sparsity of mmWave channel—only a few main paths
are useful for the precoding procedure. This sparsity makes it possible
to use a limited feedback in channel estimation. We propose a novel
hybrid precoding scheme in this paper, which utilizes the main vector of
the channel. We call this scheme Multiple Dimensional Scaling (MDS)
hybrid precoding. On the one hand, comparing with many traditional
hybrid precoding schemes with full channel information feedback, our
scheme can decrease feedback overheads significantly. On the other hand,
comparing with some hybrid precoding with limited channel feedback
information, our scheme can improve spectral efficiency. Moreover, the
simulation results show that the system spectral efficiency increases with
the number of data streams significantly.

Keywords: Millimeter wave communications + Hybrid precoding -
Limited feedback - Multiple Dimensional Scaling

1 Introduction

The principle of millimeter wave (mmWave) communication to achieve high data
transmission rate is to utilize the potential available large bandwidth in the high
frequency band [1-4]. However, because of the high frequency of mmWave and
the small wavelength, the path loss is much higher than that of microwave band.
The solution to compensate for the loss caused by the increase of frequency, is to
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use precoding technology and multi-antenna technology. Future cellular network
base stations will deploy hundreds of antennas to form mmWave massive MIMO.
However, the design of precoding matrix and combining matrix in mmWave
MIMO system is not as simple as that in the low frequency scheme. It is mainly
due to different hardware constraints, higher cost and higher power consumption.
Therefore, adjusting the number of antennas and radio frequency (RF) chains,
reducing hardware complexity and improving energy efficiency become the main
problems in Massive MIMO technology [5-7]. Thus, research on the precoding
scheme in mmWave MIMO systems has become a very important field.

In this context, analog-digital hybrid precoding is proposed, which achieves
the purpose of reducing the number of RF chains by dividing the precoding pro-
cess into analog domain and digital domain [2,3]. Digital precoding can achieve
higher accuracy and analog precoding can reduce the originally high power con-
sumption, which makes hybrid precoding have better performance. It can achieve
a compromise and balance between hardware complexity and system perfor-
mance. In analog-digital hybrid precoding, the transmitter needs to know the
channel information. In FDD (frequency division duplex) mode, the mobile sta-
tion estimates the downlink channel by receiving the pilot transmitted by the
base station, and then transmits the channel information to the base station.
In [2,3], the hybrid architecture under lower frequency is studied. In mmWave
systems, the concept of hybrid precoding is similar to that of the lower fre-
quency. In [8], considering the sparsity of mmWave channel, the precoder and
combiner of mmWave system with large antenna array are combined to design
the system. This precoding problem is transformed into a sparse reconstruction
problem by utilizing the spatial sparsity of mmWave channels. In this paper,
based on the principle of base tracking, a system is designed that can approx-
imately achieve the optimal result under all-digital precoding. [9] proposes a
low complexity reconstruction algorithm based on [8], which avoids the process
of matrix inversion by querying the orthogonal codebook, thereby reducing the
computational complexity. Similar to [8], in [10], the author proposes a greedy
algorithm to design hybrid analog/digital precoders, which has lower complexity
and is approximately orthogonal. The principle of the algorithm is to greedily
select the RF beamforming vectors through the Gram-Schmidt orthogonalization
process. Besides, [14] proposes a situation where only partial channel information
is known. Some other heuristic algorithms that do not include the orthogonal
matching pursuit process can also be seen in [12,13] to design hybrid precoding,
which need to meet the condition of having perfect channel information at the
transmitter. In [14] the combined channel matrix is fed back to the base station.
The base station uses a simplified effective channel matrix with little training
and feedback overhead to design the hybrid precoding. The performance analy-
sis of the above mentioned algorithms is based on large dimensional regime and
single-path channels.

This paper proposes an algorithm that can use limited channel feedback
to achieve hybrid precoding, which compresses the channel information at the
receiver and then feedback the compressed information to reduce the feedback
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overhead and power consumption. Then, the base station uses the compressed
feedback information to design precoding. The simulation results show that
although we have reduced the computational complexity, the performance of
the algorithm in some cases has not been affected.

The following text structure of the paper is as follows. Section 2 briefly intro-
duces the system model of mmWave MIMO hybrid precoding. Section 3 analyzes
the hybrid precoding problem. Section 4 explains the proposed Multiple Dimen-
sional Scaling hybrid precoding. Section 5 shows the results of simulation at the
achievable rate. At last, the conclusion of the article is described in Sect. 6.

Notation: boldface uppercase, boldface lowercase, and lowercase letter A, a,
a denote a matrix, vector, and scalar variable respectively. AT, A* and A~! rep-
resent the transpose, the conjugate transpose and the inverse of a matrix, respec-
tively. | | denotes absolute value, tr() denotes trace of a matrix, diag denotes a
diagonal matrix.

2 System Model

2.1 System Model

First, Fig. 1 shows the mm Wave system model, where a base station (BS) with
N; antennas and N;gr RF chains will establish communication relationship with
a single mobile station (MS) with N, antennas and N, gr RF chains. The commu-
nication process between BS and MS utilizes N data streams, and the number
N, meets the condition that Ny < Nygr < Ny and Ny < N,.gr < N,..

At the transmitter, we first use a N;gp X N, digital precoding matrix Fpp
to precode the Ny x 1 data symbols s, then the symbols will be applied to
N¢ X Nigr RF precoding F g, such that E[ss*] = N%INS- Therefore, the trans-
mitted discrete-time signal can be expressed by x = FrpFpps. Since we use
analog phase shifters to realize Fgp, it is required to meet the condition that
(FRF(”FRF(“*)U = N%7 where ();,; represents the [-th diagonal element of a
matrix. Due to the total power limitations of the transmitters, we must normal-
ize Fpp to satisfy || FppFrr ||?; = Nj.

We discuss a narrowband block-fading propagation channel as in [4-7] for
simplicity, which generates a received signal

y = VpPHFrrFpps + n (1)

where y denotes the IV, x 1 received vector, H represents the INV,. X N; channel
matrix which meets the condition that E[|| H ||%] = N¢N,, p is the average
received power, and n indicates the noise vector of i.i.d CN(0, 02). The received
signal at the MS after combination can be represented as the following formula

Yy =VPWppWrpHF rpFpps + WppWhpn (2)

where W g denotes the N, X N.pr RF combining matrix, and W gp represents
the N,.grr X Ng baseband combining matrix. Like the transmitter, the receiver
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need to satisfy the power constrain such that (WRF(i)WRF(i)*)l,l = Nir When
the signal transmitted on the mmWave channel satisfies the Gaussian distribu-
tion, the system spectral efficiency can be expressed by

R = lOgQ(‘INS +

i
NS U%W*BBW}({FWRFWBB |)

where RS = W};BWEFHFRFFBB X FEBF?%FH*WRFWBB-
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Fig.1. A mmWave downlink system model with digital baseband precoding followed
by a module using RF phase shifters to decrease radio frequency chains.

2.2 Channel Model

Millimeter wave transmission loses some degrees of freedom, which will cause lim-
ited spatial selectivity and limited scattering. We model a 2D channel through
a widely used geometric mmWave channel model, which is a narrowband clus-
tered channel expression in the light of the extended Saleh-Valenzuela model.
The advantage of this model is that it enables us to accurately know the math-
ematical structure of the mmWave channel [8].

According to the narrowband clustered channel model, the channel matrix
H is the set of all scattered transmission paths of N scattering clusters, and
each N,,, propagation paths of each scattering cluster is the composition of the
channel matrix. Thus, the narrowband discrete-time channel matrix H can be
expressed as the following formula

H=1y Z anar (65, 07)ay (65, 07) (4)
il

NNy
NclNray ’

plex gain of i.i.d CN(0, ai’i), which represents the gain of the Ith ray in the ¢th
scattering cluster, o2 ; is the average power of the ith cluster. The average cluster

where y represents a normalization factor and equals to a;; is the com-
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powers satisfy the equatlon that El {02, =~. For the lth ray in the ith scat-
tering cluster, ¢7;, 05, ¢f;, 6%, stand for its azunuth/ elevation angles of arrival and
departure respectively. The vector a, (¢}, 07;) and a; (¢}, 0%,) denote the normal-
ized receive and transmit array response vectors at an azimuth/elevation angle of
@7, 07, ¢, 0, respectively. We make an assumption that the azimuth and eleva-
tion angles of departure ¢}, 6!,, are distributed with a uniformly-random mean
cluster angle of ¢!,0! and angular spread of o4, og¢ in the cluster i respec-
tively. The azimuth and elevation angles of arrival ¢}, 07, are again randomly
distributed with mean cluster angles of ¢}, 6] and angular spreads oyr, ogr.

a,(¢7,05) and ay (¢, 0) are the receiving and transmitting antenna array
response vectors of MS and BS respectively, and have nothing to do with the
antenna element properties. The following two illustrative examples of generally-
accepted antenna arrays can both be applied to the algorithms and simulation
results in this paper. We give the conclusion that the array response vector for
an N-element uniform linear array (ULA) on the y-axis can be expressed as the
following formula

aULA(Qb) _ N[L 6]kdszn(¢), - ej(Nfl)kdszn(d))]T (5)

where k = )\ , A denotes the signal wavelength, and d represents the inter-
element spacing. It should be pointed out that we do not consider 6 in the
discuss of a ULA, because the array’s response remains constant in the elevation
domain. Then, consider another antenna array distribution situation, which is a
uniform planar array (UPA) that has W and H elements on the y and z axes
respectively in the yz-plane, the array response vector is expressed by

aUPA(¢> 9) _ N [1’ . ejkd(mszn(¢)szn(9)+ncos(9))

(6)

. ejkd((W71)sin(¢)sin(9)+(H71)005(9))}T

where the parameters meet the condition that 0 < m < W, 0 < n < H,
and N = WH. Through the above analysis, we can know that uniform pla-
nar arrays (UPA) have the following advantages, the UPA has smaller antenna
array dimensions, has the ability to perform the beamforming process in the ele-
vation domain, and packs more components in a reasonably sized antenna array.
Therefore, it is of great importance to study uniform planar arrays in mmWave
beamforming.

3 Problem Formulation

In order to improve the system spectral efficiency and reduce computational
complexity, the goal of this paper is to propose a feasible hybrid precoding algo-
rithm. In Sect.2, we have introduced the system model in details. In order to
make the subsequent research more simple, we assume that the optimal near-
est neighbor decoding algorithm adopted by the receiver satisfies the following
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conditions. First, the received signal is Ng-dimensional, and secondly, it is trans-
mitted by all-digital hardware. The above characteristics allow us to decouple
the design of the transceiver and focus on the design of hybrid precoding. The
amount of mutual information of the system after the hybrid precoding process
can be maximized [10], which we define as

p
Nyo2

s¥n

I(FRF7FBB) ZlOgg(|INs + HFRFFBB XF*BBF*RFH*D (7)
where SN R = 2. Because the all-digital hardware design scheme is not feasible
in practice, the dnesign problem of hybrid precoding will become complicated and
need to be reconsidered. However, the hybrid precoding design ideas proposed in
this paper can directly construct a hybrid combining matrix. The design process
of Wrr and W pp is almost similar to the process of designing hybrid precoders.
Due to the limitation of the length of the article, we will not repeat them here.
We assume that the RF beamforming vector is directly obtained through the
Frr codebook, which meets the constraints of RF hardware design, then the
maximum mutual information under the hybrid precoding model proposed in
the article is given by the following formula

(Frp, Fip) = argmaz I(Frp,Fpp)
Frr,Fpp

st. Frr € Frr (8)
| FppFrr |7 = N,

where Frp represents the RF precoding domain, which is, the set of Ny X Nigp
matrices which have constant-magnitude elements.

4 Multiple Dimensional Scaling Hybrid Precoding

Generally, hybrid precoding systems need to obtain channel information to real-
ize precoding design at the transmitting end. In large-scale antenna settings,
channel information fed back from the receiver is huge, which will bring high
feedback overhead and power consumption. Therefore, we propose a multi-
dimensional scaling hybrid precoding scheme, which reduces the channel feed-
back by reducing the information dimension. The limited feedback scheme is
shown in Fig. 2.

The commonly used dimension of information is tens of thousands. In
addition, many computing methods involve distance calculation, and high-
dimensional space will bring great trouble to distance calculation. When the
dimension of information is high, it is no longer easy to calculate the inner
product. As the number of antennas continues to increase, the computational
complexity of the algorithm increases too. These computational obstacles in high
dimensions are called “dimension disaster”.

An important way to alleviate the “dimension disaster” is to dimension-
reduction. The specific method is to transform the original high-dimensional
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Fig. 2. A mmWave downlink system model with mobile station has a limited feedback
channel to the base station.

attribute space into a low-dimensional “subspace” through some mathemati-
cal transformation. In this space, the sample density is greatly increased, and
the distance calculation becomes easier. The principle of dimension-reduction
is that: in many cases, the observed data samples are high-dimensional, how-
ever, only a low-dimensional distribution are closely related to task, that is,
a low-dimensional embedding in high-dimensional space. As shown in Fig.3, a
three-dimensional graphic is simplified to a two-dimensional graphic. Sample
points are easier to calculate in this low-dimensional subspace. But dimension-
reduction also brings a defect, which means it loses some useful information of
system and leads to the degradation of system performance.
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Fig. 3. A brief introduction to Multiple Dimensional Scaling (MDS), using MDS to
compress data from 3D to 2D.

The starting point of this method—Multiple Dimensional Scaling (MDS) is to
keep the distance between different points in the original data space unchanged
as far as possible in the transformed space. Assuming m samples, it can be seen
here as a channel vector whose distance matrix in the original channel space is
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D € R™*™, and it’s ith row, jth column element dist;; is between the channel
vector h; and h;, that is
['hi —h; || = disty; (9)

Our goal is to obtain the representation of samples in the d’ dimension space
Z € R¥*m ¢’ < d, and the Euclidean distance of any two samples in the low-
dimensional space equals the distance in the original space, that is, || z; — z; || =
dist;;. Let B = 777 € R™ ™ which is the inner product matrix B of the
reduced dimension sample b;; = z!'z;, we have

dist}; = 2z |* + || z; ||* —22] 2 (10)
easily, we can obtain:

m
> dist}; = tr(B) + mbj; (11)
=1
> dist}; = tr(B) + mby; (12)
j=1
> dist?; = 2mtr(B) (13)
i=1 j=1

where tr(B) = 31", | z; ||, let

dist} = = dist, (14)
j=1
1 m

dist? = ~ > dist; (15)
=1

, I o %
dist> = poec) Z Z dzst?j (16)

From the above formula, we can get that:
1
bij = §(dist§j — dist] — dist® + dist®) (17)

Thus, through keeping the distance matrix D unchanged before and after
dimension reduction, we can obtain the inner product matrix B.

The matrix B is decomposed into B = VAV in which the diagonal matrix
A =diag(M1, ..., Nq), \1 > A1 >,...,> Ag) is composed of eigenvalues, and V is
the eigenvector matrix. Supposing that there are d* non-zero eigenvalue which
form a diagonal matrix A, = diag(A1,...,A}), so that the corresponding eigen-
vector matrix can be represented as V,, then Z can be expressed as

Z = A/*VT e REX™ (18)
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In order to reduce dimension effectively in practical applications, the distance
after dimension reduction is often as close as possible to the distance in the orig-
inal space, rather than strictly equal. In this case, a diagonal matrix consisting
of the largest eigenvalues A= diag(A1, ..., A\a’) , d’ < d can be taken to represent
the corresponding eigenvector matrix V, which can be expressed as:

7 = A2V e pYxm (19)

Now, we have the reduced channel vector Z. We suppose that the receiver
sends the reduced matrix Z as feedback to the transmitter. The transmitter can
use the reduced information to design the precoding matrix of the transmit-
ter. We can use the orthogonal matching pursuit to design the corresponding
hybrid precoding. The algorithm is summarized in Algorithm 1. The following
is procedure of this algorithm. V, is first considered as the optimal precoding
matrix. Then all the analog beam vectors A; are projected to V, in turn, where
Ay = [a(f;,05 ), -, at(qﬁf\,cthy, On.,Nt,,))- According to the maximum pro-
jection, the optimal analog precoding vector is found, and then the vector is set
as the analog vector Frp(. ;). After finding the principal eigenvector, the digital
precoding matrix can be calculated by the least square method. Then the opti-
mal analog precoding vectors are found in a loop, and the process will not stop
until all the Ny;gr analog vectors are found. After the Nygp times iteration, the
RF precoding matrix Frr and the digital precoding matrix Fpp can be found.
Finally, we need to normalize the digital precoding vector so that the normalized
vector meets the power constraint

F
Fpp =Ny (20)
| FreFBa ||F

5 Simulation Results

The parameter settings in the simulation process are as follows: we use the mul-
tipath extended Saleh-Valenzuela channel given in Sect.2-B. Each channel has
N. = 8 cluster and each cluster has N,,, = 8 scattering path. For simplic-
ity, it is assumed that each cluster has equal power allocation. In the simula-
tion, uniform linear array (ULA) is adopted, so only plane angle ¢ needs to
be considered. Receiving angle and transmitting angle ¢,., ¢; are randomly uni-
formly distributed in [0, 7]. All precoding schemes have the same SNR, which
is defined as SNR = %-. Each simulation implements through 50 channel real-
izations. Receiver and transmitter arrays have N, = N, = 32 antennas and
N,rr = Nigr = 8 RF chains.
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Algorithm 1. Multiple dimensional scaling hybrid precoding scheme

Input: d* = N, H, A,
Output: Frr, Fpp

—_ = =
w e 99

—_ =

compute matrix D based on (9)
compute matrix B based on (17)
decompose B = VAVT

we have Z = Ai/2V*T € R xm
feed back V to BS for precoding
Frr =]

Fres = V’I
for i < Nygr do
VU =A/F,cs

k = argmamlzlw,Ncley (Wkp*)(u)
Frr = [Frr|A"]
Fpp = (FppFrr) 'FrpVi

T
F...— V:¥FrrFpp
res IVI-FrrFeBIF

F
F = /Ny LBE—
BB SIFrrFpEBlF
return Frr, Fgp
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Fig. 4. When N; = 2, performance comparison between Multiple Dimensional Scaling
(MDS) hybrid precoding scheme and other schemes.

Experimental summary: from Fig.4, it can be seen that under the same

conditions and the number of data streams equals to two, the proposed Multi-
ple Dimensional Scaling (MDS) hybrid precoding scheme outperforms the finite
feedback scheme [13], and our scheme performs better than the finite feedback
scheme [14] in the case of varying SNR.
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Fig. 5. When Ns; = 2 and N; = 8, performance improvement between Multiple Dimen-
sional Scaling (MDS) hybrid precoding scheme and other schemes.
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Fig. 6. When N, = 10, Ny rr = 16, performance comparison between Multiple Dimen-
sional Scaling (MDS) hybrid precoding scheme and other schemes.

In Fig. 5, when we increase the number of data streams from Ny = 2 to Ny =
8, we compare the performance and capability of various schemes. The formula
in Fig. 5 is as follows: imp = (SE(Ns; = 8) — SE(Nys = 2))/SE(Ns = 2) x 100%.
From Fig.5, we can see that when the number of data streams increases, the
performance of the MDS precoding scheme increases the most, nearly 200%,
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while the performance of other schemes increases slightly more than 100%, and
the performance of the limited feedback scheme [11] even decreases slightly.

In Fig. 6, when we continue to increase the number of data streams to Ny =
10, we get the simulation results of Fig.6. We can see that when the number
of data streams is large, our scheme always performs better than the limited
feedback proposal [11], and is close to some full feedback schemes, so our scheme
is more suitable for systems with large number of data streams.

6 Conclusion

This paper explores the sparsity of mmWave channel—only a few main paths
are useful to help the precoding procedure. We study a limited feedback scenario
for mmWave massive MIMO system, we propose a hybrid precoding scheme
called Multiple Dimensional Scaling (MDS) hybrid precoding. Instead of the
most paper which uses perfect channel information, our scheme only feeds back
main vector of the channel which have a significant decrease of feedback over-
head. Compared with other limited feedback scheme, our plan has a good per-
formance. When the data streams improve, our scheme improves most of them.
Our scheme always performs better than the limited feedback scheme, and is
close to some full feedback schemes, and when the system increases the num-
ber of data streams, the system performance improves significantly. Therefore,
in conclusion, the proposed scheme in this paper can be applied to the limited
feedback scheme, and is more suitable for systems with large number of data
streams. However, the future communication technology is mainly affected by
two factors, namely spectrum efficiency and energy efficiency. This article mainly
studies and simulates the spectrum efficiency of our proposed scheme. Therefore,
research on energy efficiency of our scheme will be carried out in the future.
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