TAP CHi KHOA HOC VA CONG NGHE NANG LUQONG - TRUONG DAI HOC PIEN LUC
(ISSN: 1859 — 4557)

USING HIERARCHICAL CODEBOOK AT THE RECEIVER TO IMPROVE THE CHANNEL
CAPACITY IN MM WAVE COMMUNICATION

SUDUNG BO MA PHAN CAP TAI MAY THU NHAM NANG CAO DUNG LUONG
KENH TRONG TRUYEN THONG SONG MM

Tran Hoai Trung
University of Transport and Commnications, Hanoi, Vietnam
Ngay nhan bai: 30/03/2021, Ngay chap nhan dang: 12/06/2021, Phan bién: TS. Dugng Thi Thanh Tu

Abstract:

Mm-wave is currently of interest due to its ability to enhance large bandwidth, which can fully meet
the speed of 5G information systems. The beamforming techniques are studied for this wave such as
beam weights updating at the receiver to ensure the fastest convergence rate of the weighting
algorithm. We need to specify algorithms such as mean least squares (LMS), recursive least squares
(RLS), sampling matrix inverse (SMI), conjugate gradient methods (CGM). There are many articles
related to the comparison of these algorithms on convergence weighting speed, transmission
capacity. However, finding a matrix of receive beams in a multi-path environment is a problem of
little interest. Using the hierarchical codebook (HC) is applied to produce suitable gain-weight vectors
and requires fewer iterative steps to find beam weights. In addition, compared with the traditional
methods mentioned above, such as LMS, RLS, SMI, or CGM, the method of finding beam weights
using HC also ensures the increased channel capacity, especially with the high signal-to-noise ratios.

Mm wave communication, beamforming, LMS, RLS, SMI, CGM algorithms, HC, channel capacity.
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Toém tat:

Séng mm hién dang dudc quan tdm do kha néng tdng cuding dudc bdng thdng I8n, hoan toan cé thé
dap Ung dugc toc do cho hé théng thong tin 5G. Cac ky thuat beamforming dudc nghién cru cho
séng nay nhu cap nhat trong s6 birc xa tai may thu véi muc dich dam bao téc do hdi tu thuat toan
tim trong s6 la nhanh nhat. Chlng ta can chi rd cac thuat toan nhu binh phuong trung binh nho
nhat (LMS), binh phuong nhé nhat dé quy (RLS), nghich dao ma tran I8y mau (SMI), phuong phap
dao ham lién hgp (CGM). C6 nhiéu bai lién quan tdi viéc so sanh cac thuat toan nay vé téc do tim
trong s6 hdi tu, dung lugng truyén. Tuy nhién viéc tim mot ma trdn birc xa thu trong méi trudng da
dudng la bai toan it dugc quan tdm. Giai phap st dung bd ma phan cap (HC) dudc ap dung dé dua
ra cac véc td trong s6 thu phu hgp va doi héi s6 budc Idp tim trong s6 blfic xa khdng cao. Ngoai ra
so vGi cac phuang phap truyén théng k& trén nhu LMS, RLS, SMI hay CGM thi phuang phap tim
trong s6 bic xa sir dung HC con dam bao dudc dung lugng kénh truyén tdng cao, dac biét véi
nhitng ty s6 tin hiéu trén nhiéu SNR cao.
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1. INTRODUCTION

The current mm-wave is of great interest
when its frequency range is from 30 GHz
to 300 GHz, ultimately meeting the
channel capacity of the 5G system.
Although it is affected by propagation
conditions a lot, it is an advantage when
we can deploy multiple antenna elements
at the transmitter and receiver because the
antenna size is inversely proportional to
the frequency. This opportunity opens the
door to exciting antenna techniques such
as beamforming or spatial multiplexing.
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The adaptive beamforming is requested
for the 5G communication system.
Adaptive beamformer performs spatial
signal processing compatibly, which
consists of an array of transmitting and
receiving antennas [1-2].

Popular adaptive beamforming methods
include LMS, RLS, SMI, and CGM.
Among them, the LMS beamforming
method is relatively simple and has
been implemented in many radio
communication applications [2].
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Figure 1. Transceiver architecture

This method can perform beamforming
that does not require matrix inversion as
used in the SMI method. It uses a fixed
step size for beamforming. It makes
LMS stable and simple. Therefore this
method is often used for many different
applications. However, LMS has the
slowest convergence rate among the
methods mentioned above [1].

One method used to compensate for the
Doppler effect is to combine the antenna
array at the receiver [3]. It improves beam
weights changes over time can be updated
using RLS algorithm. Although RLS is
more complex than LMS, it can converge
more quickly. It even converges faster
than SMI [1-2]. The RLS offers an MSE
that is smaller than the LMS and
Normalised LMS (NLMS) methods,
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guaranteed  within  the  allowable
threshold, while SMI has the lowest MSE
[1], [4-7]. In terms of complexity, RLS
has better temporal complexity but less
spatial complexity than SMI [8-10].
However, the complexity depends on the
algorithms' coding, and SMI is optimized
for spatial complexity. For a small
number of antenna elements, the SMI
algorithm has better quality in space, time
and MSE than RLS. However, the NLMS,
LMS methods are all steepest descent
gradient-based iterative algorithms, while
SMI and RLS are recursive and block
compatible methods, respectively. These
methods do not have as high a
convergence capacity as CGM because it
is difficult to determine the vector’s value
by eigenvalue when it is spread.

CGM allows convergence even faster
than the above methods where it uses
perpendicular search while the other
methods use eigenvalues with a large
spread.

One method wused for multipath
environments is to use the hierarchical
codebook [11]. It shows better energy
efficiency and beam weights search
capabilities than traditional methods like
the exhausitive search. In this article, the
author introduces the beam weights
search algorithm using hierarchical
codebook and proves the ability to
converge fast, increase capacity compared
to the LMS, RLS, CGM and SMI
methods through simulation.

(ISSN: 1859 — 4557)

2. CURRENT METHODS FOR FINDING
BEAM WEIGHTS

With the channel model used for mm
waves, we see that the received signal is
generalized as follows:

x= WH"HFd +n 1)

Where d is the transmit signal vector, W
is the received beam matrix, F is the
transmitted beam matrix, H is the
channel matrix.

The paper presents two figures to simplify
the description of algorithms. Figure 1
depicts the structure of a channel model
with the one transmit antenna and the N
receive antennas. Figure 2 describes a
receiver scheme using a received beam
vector.

W
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Figure 2. Current beam weight finding methods
LMS Algorithm [2-3]:

w(0)=0

Forn=0, 1, 2,...
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w(n+1)=w(n)— e (n)x(n)(2)
where
e(n)=d(n)—w" (n)x(n) is error
vector

y7i Is step size

“atr(Ry,)
SMI Algorithm [2]:

R (M) =12 Ex(nx(n)"

re(n)== £s"(n)x(n)

K is number of observations

| have:

w(n)=R;(n)r.(n) €)
RLS Algorithm [3]:

w(0)=0

Forn=1, 2,...

K(n) = P(n—1)x"(n)

y+x"(N)P(n—1)x"(n)
e(n)=d(n)—wT™(n—-21)x(n)

w(n)=w(n—-1)+e(n)k(n) @)

P(n) = =(P(n —1)—K(n)x" (n)P(n 1))

Y
Traditional CGM Algorithm [2]:
r(1) = d(@)ones(N) — Aw(1)
with A =x(1)x" (1)

p@) = r(@)

Forn=1, 2,...

A =x(n)x"(n)
an)=rT(n)r(n)/p" (n)Ap(n)
w(n+1)=w(n)—a(n)p(n) (5)
r(n +1)=r(n)—a(n)Ap(n)
B(n)=r"(n+Dr(n+1)/r"(n)r(n)
p(n+1)=r(n-+1)+p(n)p(n)
Proposed CGM Algorithm in [2]:
r(1)=d(@)ones(N) — Aw

with A =x(1)x" (1)

pL)=r)

For n=2,3,...

R(n)= élx(l)xH (1)
w(n)=w(n-1)—a(n)r(n-1) (6)
Véi r(n)=p(n)+a(n)r(n-1)
p(n)=p(n —1)—o(n)R(n)r(n —1)

)= e

h(n)=_[ f(n)R(n)r(n —1) }

r“(n-1)R,(n)r(n-1)

3. PROPOSED HIERARCHICAL
CODEBOOK ALGORITHM

S, =2

forl=1:Ldo
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(searching two transmit and receive

codewords)
form=1: 2% do
forn=1: 2% do

y(m,n)

=JPW,(Sy,n)"H+z—vPw, (Sy,n)"Hy
end

end

(m¢,n, )=arg {nax)|y(m n)

fors = (So+1):S do
form=1,2do
forn=1,2do

y(m.n)=~Pw,(5,2(n, ~1)+n)'H+2
—Pw, (5,2(n, —1)+n)"Hy
end

end

(a,b)=arg {nax)|y(m n)

m, =2(m, -1)+a;n, =2(n, —1)+b
end
form=-1,0,1do

forn=-1,0,1do
y=+Pw, (s,n, +n)"H+z
H,=H,+yw,(s,n, +n)

end
end

end
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4. SIMULATION

Based on the above algorithms, we
simulate a 4x4 MIMO antenna model
used for 5G mobile communication
systems. Here, the required number of
loops for each algorithm and the
generation of beamforming through the
beam weight vectors. In the simulation,
we use three physical paths with input
parameters such:

Gainof paths: au=[L 0.5 0.5];
AoDs: ¢=[0.51/8 1.57/8 14.5n/8];

AoAs: 0=[057/8 1.57/8 14.5n/8];

Wavelength of signal: A =0.01(m);
Velocity of mobile: v=40 (km/h);
Transmit antenna spacing: s; =0.05(m);
Receive antenna spacing: s; =0.05 (m);
Number of elements at transmit antenna:
M=4 (using one beam formed by 4
antenna elements); Number of elements at
receive antenna: N=4. Number of training
symbols is 20 while number of data
symbols is 30.

Iterations for tinding the beam weights - LMS

Mean Square Error
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] i} 10 12 14
Number of iterations
eam paltlern
120 %0 g
0,

a0

0

array factors
s -

a1
240 o a0

transmit angle

Figure 3. LMS: MSE and beam weights

With Figure 3, after ten attempts of
creating the random input, the number of
iterations is unstable and often significant.
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Iterations for finding the beam weights - RLS
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Figure 4. RLS : MSE and beam weights

As for Figure 4, the number of iterations
is lower than the LMS but still high. It can
take up to 6 iterations to have the optimal
beam weights.
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Figure 5. Tra. CGM : MSE and beam weights

In Figure 5, the number of iterations of
traditional CGM is two, proving that the
convergence of this method is better than
LMS, RLS.

Iterations for finding the beam weights - Proposed CGM
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Figure 6. Pro. CGM : MSE and beam weights

The Proposed CGM shown in Figure 6
has the number of iterations of 1, which is
lower than Tranditional CGM so the
convergence speed is faster.

Beam pattern

array factors

transmit angle

Figure 7. SMI: beam weights

Beam pattern

array factors

transmit angle

Figure 8. HC: beam weights

Figures 7 and 8 show two methods SMI
and HC, respectively, The SMI describes
the process of the inverse correlation
matrix to find weight beams. This
correlation matrix changes with the
number of observations, so if we have
20 observations, we will have 20
corresponding beams for Figure 7. In the
case of the SMI, we take the last beam
(20th beam) for the capacity simulation in
Figure 9. In the case of the HC case, there
are three paths, so after using an improved
search algorithm, we can find three
optimum beams, which are also used in
the simulation of Figure 9.

In addition to being interested in the
number of iterations to find the optimum
beam weights, we are also interested in
how the beams generated by these
weights affect the channel capacity. This
is because the weight vectors will affect
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the antenna gain in the receive directions
in a multipath environment. We compare
the capacity for LMS, RLS [3], traditional
and proposed CGM [2], and the proposed
HC in this paper instances.

Channel capacities
T T T T

e
s

[[-=-LMS
—RLS
Tra. CGM
m=-Pro. CGM
-o-SMI
Pro. HC
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Figure 9. Capacities in cases of LMS, RLS, Tra.
And Pro. CGM [2], SMI va Proposed HC

In Figure 9, we see that the channel
capacity in the case of LMS and RLS is
similar, although it is proven that RLS has
a faster convergence rate than LMS,
Traditional CGM has a higher channel
capacity than Proposed CGM [2],
although the convergence speed Proposed
CGM's is faster. SMI has better capacity
than the two cases above, but the new HC

(ISSN: 1859 — 4557)

gives the highest channel capacity in SNR
with large values of about 4-5 dB
onwards.

5. CONCLUSION

The article covers the fundamental
algorithms such as LMS, RLS,
Traditional and Proposed CGM, and
Proposed HC. We compare the capacity
for LMS, RLS, traditional and proposed
CGM, and the proposed HC. The
proposed HC allows capacity to be
significantly increased, especially with
the high SNR. The article also shows how
to generate receive beams using a
hierarchical codebook for multipath
environments.
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