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Introduction

@ Millimeter wave frequencies are a promising candidate for 5G
communications due to large available bandwidth

@ The mmWave frequency ranges from 30GHz to 300GHz

@ Due to large frequency, the channel gets degraded due to path loss,
penetration loss, fading etc and hence it faces challenge in improving
system capacity and providing good quality of service (QoS) to the
users

@ To reduce the losses we use beamforming techniques to generate
beamforming vectors

@ We have simulated a hybrid precoding method from the literature to
generate the RF precoder and baseband precoder to select the
beamformers[1]
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System Model

Consider a multiple input single output (MISO) system,

RF Precoding

Baseband

Processor

Up-converter

User k

p o
x b

Up-converter

Up-converter

The system is consists of a baseband processor, digital-to-analog converter
(DACQ), upconverter, S RF chains, M transmit antennas, and K number of

users.
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The system model is expressed as
y = HFGs + n

Here,

H: channel matrix of the system of size K x M,
F: RF precoder of size M x S,

G: baseband precoder of size S x K,

s: transmitted vector of size K x 1,

n: noise vector of size K x 1,

y: received vector of size K x 1.

Here, M > S > K
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Channel Model

Here, sT = [s1,...,5sk] with s, ~ CN(0,1),Vk € K =2 {1,2,..., K}

H —hy,... hg]. Here, hy is given by

N N, ay

Z Z ampv”p ¢mp7”p)

mp=1np=1
where, auia () =1 /% (1,550, M5 dsino)]

A is the signal wavelength
d is the antenna spacing
¢ is the angle of departure (AoD)

cl Nray

n ~ CN(0,02lx) is the AWGN noise vector.
Qmy,n, ~ CN(0, a,2np)
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Sum Rate Expression

Problem of maximizing system sum rate is given as

K
2 B
k=1
st. R, =log(1+SINRy) > v, VkeK

F € Frr, |[FG|5% < P
2
|hi'Fg,
Zﬁl,l;ék ‘thEE/\z + 02

SINR, =
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RF Codebook Design

Some examples of the RF codebooks are

@ g-bit quantizer Codebook

1 . (4(m—1)(n—1)—2N)
F(m,n):\/—Me’ 2971 , VYme M, Vne N

o |EEE 802.15.3c Codebook

1 jgﬂoor(4(m1)(mod((n1)+l‘¥,N))

>, VYme M,Vne N

F(m, n) "
mn)=——e
VM
o DFT Codebook
1 jem(m— 1)(n 1)
F(m,n)=—e ™ VmeM,VneN
=

Here, M € {1,... M}, N € {1,...,N}

Vaibhav Baranwal (l1Sc) Main Presentation 23" Jun, 2018 7 /41



e DFT-based Multilevel Codebook [2]

Fo= LA™,

N 1 2N
LS (g, = enp
N Zut(p) \/N Z uf(p)

p=1 p=N+1

1 M ,
Y wlp)er

) = = [1, e om0 42) g nd(o=450) gm0 5

wm € [~ %, m(1— )] and is selected by minimizing var (]u’{’(n)f&m)o.
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@ Random Codebook:- obtained using QR-decomposition method.

@ Deterministic Precoder

1 1 1 . 1 1
1 ej7rsin 2?77 ej7rsin %r . ej7r sin QW(Z_I)
F = L 1 ej27rsin 2?” ef27rsin %’r o ej27r sin 277(-;71)
VM
|1 /(M-Dmsin 2 b(M-Dmsin®E  Lj(M=1)msin 2”(-‘;1)_

@ Robustness

127r( m—1)(n 1)+r

F(m,n) = e—)VmEMVnGN

%\H
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Beam Sweep Procedure

I

Sending Training Packets

RF Precoding

Baseband o
Processor H D/A H Up-Converter

Feedback hj/!

(heIYH = W F = (b fr. bl fo k5]

Figure: Beam-sweep Procedure
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Virtual Communication System for CSIT
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User K

)

Vaibhav Baranwal (l1Sc)

R = Py = (f b e Ry

Figure: Virtual Multiuser Communication System
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Baseband Precoder Design

Sum rate maximization problem is expressed as

K
méaxz Ry,
k=1
s.t. Rx = log (14 SINRy),
K
> [Feul3 < P, gllo < S,
k=1
. ~ ~ T
where, g = [||&1]l2,-- -, [|Enll2]
hHF 2
SINR, = lh Fgy|

K
Sy ik I Fgyl? + 02
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We will introduce some variables ay, by, Vk € KC, So, the sum rate
maximization problem can be rewritten as

K
min —E by,
b
{gkyak) k} k=1

st. 1+ a, > e, Vk ek,
SINRy > ak, SINRy > Yk Vk € IC,

K
> IFgl3 <P, lglo < S,
k=1

where 4, = e — 1
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Rearranging the problem

To overcome nonconvex difficulties

K
min - bk + A g 0,
iy 2

K
st. 1+ ag > e, Vk e K, Z |Fg.l3 < P,
k=1
SINRy > ak, SINRy, > Yk, Vk € K,

Here, A control the sparsity of solution, i.e., the larger A the solution is
more sparse.
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Approximate Problem

Problem can be further approximated as

K
min =Y b+ |G|l o
{8k-ak,b} ; 1GI%,00

K
st.1+ae>e™ Vkek, > |IFgls <P,
k=1
SINR, > ak, SINR, > Yk Vk € IC,

where [[Gl1.00 = 32N, maxy |gx(n)| is the /i oo-norm of matrix G.
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Here, ||G||%OO can be rewritten as

N 2
|G||loo_<2 ax|gk ) )

1

=33 (e laut) (mpeism) )
33 Kt

ije{1,..,K}

where X; ; = g,-ng, Vi,j. So, Xj; = g,-gﬁ, therefore X;; = 0 and
rank(X; ;) =1, Vi.
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Approximate Problem

Problem can be further approximated as

K
min  — Z br + \||G|?
oy 2 G100

K
st. 1+ac>e Vkek, Ztr (IEXkJ() <P,
k=1
SINRy > ak, SINRy > Yk Vk e IC, xk,k >~ 0, Vk € IC,
rank (X;;) =1, Vi, J,

where F = FHF, and

tr (Hka,k)
Zlel,l;ék tr (HeXy) + 02

SINR =

where H, = Fh h}'F, vk € K.
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Further Approximation

Let Xy = Xy k, Yk € K and Z(n, m) = maxkek | Xi(n, m)|, Vk € K.

We will drop the nonconvex constraints rank(Xy) = 1.

K
in =S b+ Atr(IyxnZ
{XkaraT)<I72k}7Z kZ:l Kk + Atr (IyxnZ)
K ~
st.lta>e Vhkek, > tr (ka) <P,
k=1

SINRy > ak, SINR, > Yk, Yk € K,
thoa Z> |Xk|aVk€’Ca
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We will introduce some new variables ©.¢x, Vk € IC. The problem can be
rewritten as

K

min — by + Mr(AyxnZ),
{kaakvbkvwk7¢k}7z ; ( s )

s.t. 1/)13 < tr(Hka), Xk =0,1+a,> ebk,Vk e
K

K
> tr(HiXy) + 02 < o ke K3t (FXe) < P,

=1 I;ék k=1

2
Z ’yktr kX// + ’YkU < tr(Hka) ﬁ > ak, VK € K,
LIk Pk

(Xk(n, m) S(Xk(n, m))
[ \S(Xk(” m)) Z(n, m) + R(Xk(n, m)] = 0,vk € K, m,n.
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Final Convex Problem

2
The constraint % > ay is still nonconvex. So, the constraint can be
approximated as

e S 00, i) 2 wk L w— beVk € K.,
o ¢ ¢k

Now, we will solve the series of convex optimization problem. Here, /
denotes the /th iteration. ("), ")) «— (1, ¢x) at the Ith iteration.
CDE(I)(dJk,gbk) is determined at the /th iteration.
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So, the approximate value of convex problem at the (/ + 1)th iteration can
be

K

min - bi + Atr(1yxnZ),
{Xksak;brs w0k} 2 ; (Twn2)

st. ¥ < tr(HeXe), X = 0,1+ 2, > e, Vk € K,
K

K
> tr(HiX) + 0% < op, Yk e K, Yt (FXy) < P,
1=1,I#k k=1

K
Z Fitr (HeX)) + Fko? < tr (HeX)

I=1,1#k
o) (g, ) > ap, Yk € K,
Z(n, m) — R(Xy(n, m) SI(X(n, m))
[ S(Xk(n, m)) Z(n, m) + R(Xy(n, m)] =0, Vk e K,m,n.
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Solution of the Convex Problem

Algorithm for optimal solution

Fix a value of ). Let the value of our objective function is 7 and 7()is the
value of 7 at the /th iteration.

1: Let | = 0, take some initial points as I'") and get (/).
2: Solve the convex problem with I("), and obtain new values of the I
and 7.

3. If |7 — 70| < ¢, then 7,T will be our optimal solution, otherwise
rD «r,7() « 7 and go to step 2.
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Selection of \

Let L* be the number of nonzero diagonal entries in Z.

Algorithm for choosing A

1: Generate initial points Az, Ay and compute 77 = ZkK:1 by and denote
=T as the temoprary solution of the convex problem. Let flag = 1
2: while flag do

3. Let A = A,

4. Solve the convex problem with A, then obtain the solution of it after
iteration and 7

5 If LM > S, let \; = )\, otherwise, let Ay = .

6: If ]%A - %T\ < ( and [* < S, then let flag=0 and output the solution
of convex problem. Otherwise, =7 « = #T « 7
7: end while
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Refining Solution

F is obtained by choosing L* codewords from RF codebook.
= aH . .
h, = F hy is our effective channel.

Now we will refine our solution

where R, = log (1 + SINRk), and SINRy is given by
INR

-H_
SINR, 2 [hy gk”%

K iH- ’
Stk g5 + o2
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Rearranging the Problem

We introduce variable 3, bk, d«, the problem can be reformulated as

K
max _ l_)k,
{&>3k bk, Pk } ;
_ K
st. 148 >e VkeK, Y |FE3<P
k=1

—H_ =H_
A hy g3
”&ﬂzﬁk,vmzé_’kaeﬁ

k
K

_H_ —_
> bl +0® < b, Yk €K,
I=1,I#K
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Final Sum Rate Maximization Problem

As the problem is nonconvex, we can approximate the constraint by

H
o (z20) Btz )
Hhkngz > ¢> (n n <<gk ) KTk Bk ||h gk)H2 n
( k(bk) —(N —(N ¢k)
Px oy o
Vk € K,

[I>

Here | denotes the /th iteration. We can write

&)S(I) (gk7§5k) > f?k: CT)S(I) (gkvq;k) > ag, Vk e K.
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We solve the following convex problem to obtain the optimal solution

max Z by,

{gkvakabk7¢k}
_ K
st.1+3 > e VkeK, Y [Fgl3<P
k=1
K _y _
S IRYEIE + 02 < i, Vk € K.
I=1,I%k

‘T’g) (E’kmf;k) > Yk, ‘T’( (8k, Pk) > 3k, Vk € K.
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Solution of the Sum Rate Maximization Problem

Algorithm for optimal solution

Let the value of our objective function is 7 and 7()is the value of 7 at the
[th iteration.

1: Let /| = 0, take some initial points as (") and get 7(/).

2: Solve the convex problem with T(), and obtain new values of the
and T.

3. If |7 — 7()| < ¢, then 7, T will be our optimal solution, otherwise
T« T,7() «— 7 and go to step 2.
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Random Baseband Precoder

@ The baseband precoder is of size S x K genereted using random
numbers and then the columns are unit normalized.

@ The complex numbers are distributed uniformly in [—0.5,0.5].
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Simulation Result

[<Fully Digital Precoding

|-0-Proposed Hybrid Precoding using DFT codebook

Sum Rate (bits/s/Hz)

SNR(dB)

Figure: Sum Rate vs SNR, M =N =16,K =4
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Simulation Result

@ ULA of transmit
[&-Proposed Hybvid‘ Precoding using EEE 802.15.3c codebook

16 LIP¢Proposed Hybrid Precoding using g-bit resolution antennas
-#-Proposed Hybrid Precoding using Multilevel Codebook d )\ / 2

9-Proposed Hybrid Precoding using DFT codebook
H-E-Fully Digital Precoding

g o Ny =6, Nray =38
210 .

5. AoD~Laplacian,
g mean of

£

H

¢mp ~ Z/[[_']T7 7T)v
oy =T7.5°
0 3 6 onma) 9 12 15 ° C — 1073
o\ =0&
Ay = 10.

Figure: Sum Rate vs SNR, M =N =16,5S =4 K =2

Vaibhav Baranwal (l1Sc) Main Presentation 23" Jun, 2018 31/41



-
o

-
&
T

—+N=6
©-N=8

e
N

=y
o

©

Sum Rate (bits/s/Hz)

SNR(dB)
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Figure: Sum Rate vs SNR, N =16, S =4, K =2
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Figure: Sum Rate vs SNR, M =N =16, K =2
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Figure: Sum Rate vs SNR using DFT codebooks checking Robustness,
M=N=16,S=4K=2,c=2
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Figure: Sum Rate vs SNR, M =N =16,S =4 K =2
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Conclusions and future work

@ We have seen that the generating the baseband precoder based on
the channel and RF precoder chosen from the DFT codebook gives us
the better performance among different codebooks.

@ We have also seen the performance of the system when their is analog
error in the codebook due to hardware mismatch.

@ We can extend this work to multiple antenna users or allocating equal
power to all users to design the hybrid precoders.
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