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Joint Beamforming and Compression Problem

Fronthaul Links

Relay. 1 E Relay M,

@ Cooperative cellular network

o rate-limited fronthaul
o effectively mitigating multiuser intercell interference
e joint processing at CP

@ Joint beamforming and compression problem
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Literature Review

@ Uplink = well

@ Downlink

Simeonel3

Liu21

This paper

solved

Maximize the weighted sum-rate
= stationary point [1]

Minimize the total power
= duality results and global solution [2]

Minimize the total power
= global solution with high efficiency [3]
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Syste odel

@ A cooperative cellular network consists of
e one CP,

e M single-antenna relay-like BSs (will be called relays for short later),

e K single-antenna users.

Users and relays are connected by noisy wireless channels.

Relays and the CP are connected by noiseless fronthaul links of finite rate.

Let M and K denote the sets of the relays and the users, respectively.

@ The channel between any users and relays is known at the CP.
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Compression Model

@ Transmitted signal at CP x = Zle VSk, Where

Ciel 1 ® Vi =[Vk1,...,Vkm] isa beamforming vector,
o si ~ CN(0,1) is the information signal for user k
Cm7€'m H
Zm @ Compressed before transmitted
o Compression error e = [ey, ..., en]T ~ CN(0,Q)
Cmyem i )
M o Covariance matrix Q
cp relays @ Received signal at relays x, = Zszl Vi,mSk + €m
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Channel Model

e @ Received signal at users:
Yk = Zmzl hk,me + Zk

@ Transmitted signal at relays: x,

@ hy m is the channel coefficient from relay
m to user k, and

T ._ h :_,‘,"’?I‘:?
M K""”-é—ﬂK o {z} are i.i.d. additive Gaussian noise
distributed as CA(0, 02).
relays users
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Total Transmit Power, SINR and Compression Rate

@ Received signal at users with hy = [hx 1, ..., hem]'
K
Yk = h,t <Z v,-s,-) + h,te + z
i—1

Total transmit power of all the relays is Zszl vl + Qel
SINR of user k is

hjvi]?

, Vkek
Zj;ék |hJ1£Vj|2 + hJLQhk +0?

o Compression rate of relay m under the multivariate compression strategy [1] is

S Vil + QUm)

Iog2 Q(m:M,m:M)/Q(m+1:M,m+1:M)’ vmeM

QUm:M,m:M) /Q(m+1:M,m+1:M) is the Schur complement
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Problem Formulation

The joint beamforming and compression problem [2]:

total power

K
min Z||vk||2+QoI

vit.Q =
SINR of user k
SINR target of user k
h! Vi 2 =~
s.t. ‘ k | > Yk 5 Y k e ’C,

Sk [ALvi + Qb + 02

fronthaul rate of relay m

o ket [Viem[? £+ QU
08> Q(m:M,m:M)/Q(m+1:M,m+1:M) —

Q=0

fronthaul capacity of relay m

~=~
Cn ,vaM,

(1)

Xilai Fan ICASSP 2022



Problem Formulation

Equivalent formulation of (1) [2, Propostion 4]:

K
- 2
min vi|c+ Qel
g 3wl

s.t. VszVk—vk ZVJTHij+Q°Hk+02 S0 Vkek,
" (P)
0 0 K
T T
Tim |:0 Q(m:M,m:M):| o Em (; Vka + Q) Em t 0)
YmeM,
Q>0

where
e H, = hkhi, NMm = 2C’".
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Design an efficient algorithm for solving (P)

@ Show zero-duality gap
@ Derive the SDR of (P)

@ Derive the dual problem of (P)

@ Show that SDR is tight

@ Solve the KKT optimality conditions of the SDR based on its special structure
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SDR of (P)

Semidefinite relaxation (SDR) of (P):

K
min Vel +Qel
V) ; ¢

s.t. a({V«},Q) >0, Vkek, (2)
B,({V«},Q) =0, Vme M,
V>0, Vkek,
Q =0,

where

ak({V«}.Q) = Vi e He — (Zvj.Hk+Q.Hk+02) ,
J7k

0 0 o
Bm({vk} 5 Q) = 1Mm |:0 Q(m:M,m:M)] - ETn (E Vi + Q) Ep.
k=1
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Lagrangian Dual of (2)

The Lagrangian dual of problem (2):

K

2
o ;(w )Br
.t. Ce({B}, {Am}) — BeHi = 0, Y k € K, @)
D({Bk}, {Am}) = 0,
Bk >0,V keK,
AN, =0 VmeM,

M
m=1 Jj#k

M K M
0 0
D({Bx},{Am}) =1~ E m {0 A(m:M,m:M):| + E BrvkHk + E El AmEnm.
m=1 m k=1 m=1
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Tightness of SDR

. dl max P
min P Bi,Am
e st. Vi Cp— BiHe =0, VkeK
A Vi G — BrHi ) ,
s.t. cak >0, ke, o
Bk :ak > Q:D>0,

N, :Bn,>0, meM,

>0, VkeKk,
Vi, Q=0, keKk. P =

Am = 0, Vme M.
(@) 3)

Suppose that problem (2) is feasible. Then it always has a rank-one solution.
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Design an efficient algorithm for solving (P)

@ Show zero-duality gap

@ Solve the KKT optimality conditions of (2) based on its special structure

@ Write out the equivalent KKT conditions

@ Separate the equations into two sets and solve the equations involving the
dual variables first and then the equations involving the primal variables

@ Show that each set of equations can be solved elegantly via fixed-point
iteration
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KKT Conditions of SDR and Dual Problem

Equivalent KKT conditions:

D({Bk}{Am}) =0, (4)
rank(Ap) =1, Ay =0, Vme M,

AGm-Lkm) g AmMm1) _ g M,} ©
rank(Ce({Be}, {Am}) — BcH) =M —1, YV me M,} ®)
Ck({ﬂk} s {Am}) — ﬂka - 0, Vme M,

Bk >0, Vkek, (7)
Vico (Ci({Bk},{Amn}) — BkHk) =0, ¥ k € K, (8)
Vi =0, rank(V,) =1, Vke K, 9)
a({Vi},Q) =0, ¥ k € K, (10)
B,({V«},Q) =0, Yme M, (11)
A,eB,({V«},Q) =0, Vme M, (12)
Q>0 (13)
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Solving Egs. (4)—(7): Egs. (4) and (5)

o Given {3, }
e Equivalent form of Eq. (4):

M 0 0 M K
m ommmn |l — > ELALE, =1 He 2T
mzzzlﬁ [0 AlmM, .M):| mz::l |5 +;Bk7k K

@ only A; affects the first row and column of matrix I' = the entries in the first
row of Ay should be [ﬁ I'(l’l), %r(l’Q:M)}

@ Ay is of rank one (Eq. (5)) = further obtain all entries of A;

@ Subtract all terms related to A;:
M 0 0 M ‘r
m M. m: — E/ . ANEn =T —nmN + E1NE £
mzzzﬁ [0 l\f,, M, .M)} ,;4 ULITANE 1Ny

@ Repeat the above procedure to find all A, (which is also unique)
@ Denote the solution to Egs. (4)—(5) as {Am ({5 })}
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Solving Eqs. (4)—(7): Egs. (6) and (7)

e Given {A,}

o Define Cx = Ci({Bx},{Am}). Recall Eq. (6):

rank(Ckaka):Mfl, VmeM,
Ci—BH =0, Vme M

@ Notice that Hy = 0 is of rank one = closed-form solution for [y :

3 (1) (3),,) = (hlcitne) >0
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Solving Egs. (4)—(7) by Fixed-point Iteration

e Known {8, } = {A,, ({5,})} (Egs. (4) and (5) holds)
o Known {A,} = {/)’k ({I\m},{ﬁj}j #)} (Egs. (6) and (7) holds)
o ({8} {Nm ({B,})}) that satisfy
B = I (18D 2 B ({Am (BN} B} - YREK  (19)

= all Egs. (4)—(7) holds
e Define B =[B1,...,B«]" and I1(B) = [L({B:}),-- -, Ik({B})]", then (14)

becomes
B=1(B). (15)

The function I(-) defined in (15) is a standard interference function.

o The fixed-point iteration 31*Y) = /(3 will converge to the unique solution
of (15). (Lemma and [4, Theorem 2])
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Solving Egs. (8)—(13)

e Given {f,} and {A} that satisfy Eqs. (4)—(7), find {V,} and Q that satisfy
Egs. (8)—(13).
e Egs. (8) and (9)

VkO(Ck—ﬁka):O, Vkek, Vi EO, rank(Vk)zl, Vkek

_ C'h
RGN e
o U, = vkvz (known), Vi = pxUk ({pk} are the unknowns)

e Given Q, Eq. (10) =

) _ (zj;ékPjUj°Hk+Q.Hk+az)

Pk (Q~ {pj}j;,gk Uk . Hk

o Given {p,}, Eas. (11)-(13) = Q({p})
e Fixed-point iteration pli+t1) = J(p()), standard interference function J() =
solves Egs. (8)—(13)
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Proposed Algorithm

@ The algorithm first finds {3, } and {A,,} that satisfy Egs. (4)—-(7);
e With found {3,} and {A,} fixed, the algorithm then finds {V,} and Q that
satisfy Egs. (8)—(13).

@ Hence, {V,.}, Q, {f,}, and {A,,} together satisfy Egs. (4)-(13) and thus is
a KKT point of problem (2).

@ Since rank (V) =1 for all k, we can recover the optimal solution for
problem (P).

Algorithm 1 Proposed Algorithm for Solving Problem (P)
1: Find {,} and {A,,} that satisfy Eqs. (4)—(7) by performing the fixed-point
iteration in (15) on {8, } until the desired error bound is met.
2: Find {V,} and Q that satisfy Egs. (8)—(13) by performing an appropriate fixed-
point iteration on {p,} until the desired error bound is met.
3: Find vy such that V, = vkv:r(, vV kek.
4; Output: {v} and Q.
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Global Optimality Guarantee and Remarks

If the SDR in (2) is feasible, then proposed Algorithm 1 returns the optimal
solution of problem (P).

Remarks:

@ Global optimality

o Computationally efficient: cheap evaluation in each step
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Parameters Setting

@ Consider a network with

o M =8 relays and K = 10 users,

o the wireless channels between these relays and users are generated based on
the i.i.d. Rayleigh fading model following CN(0, 1),

e and the fronthaul capacities between all relays and the CP are set to be 3 bits
per symbol (bps).

@ Moreover, the noise powers at the users are set to be ¢ = 1.
@ The rate targets for all the users are assumed to be identical.

@ All simulation results are obtained by averaging over 200 Monte-Carlo runs.
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@ Benchmarkl: directly call CVX to solve the SDR in (2) = verify the tightness

@ Benchmark2: the proposed algorithm in [2] = compare the efficiency

o Fixed-point iteration = dual uplink problem

e Standard optimization solver (CVX) = reduced primal downlink problem
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Simulation Results
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(a) Average sum power versus the user (b) Average CPU time versus the user
rate target

rate target.

o Fig. (a) verifies the tightness of the SDR and the global optimality of the
solution returned by the proposed algorithm.

o Fig. (b) shows the high efficiency of our proposed algorithm.

Xilai Fan

ICASSP 2022

24 /26



@ Propose an efficient and global algorithm for solving the downlink
beamforming and compression problem

@ Solve the KKT conditions by judiciously exploiting the problem structure

@ Achieve the global optimality as the state-of-the-art algorithm proposed in [2]
but with a significant less CPU time

Xilai Fan ICASSP 2022



Reference

ﬁ S. H. Park, O. Simeone, O. Sahin, and S. Shamai, “Joint precoding and
multivariate backhaul compression for the downlink of cloud radio access
networks,” IEEE Trans. Signal Process., vol. 61, no. 22, pp. 5646-5658, Nov.
2013.

ﬁ L. Liu, Y.-F. Liu, P. Patil, and W. Yu, "“Uplink-Downlink duality between
multiple-access and broadcast channels with compressing relays,” IEEE Trans.
Inf. Theory, vol. 67, no. 11, pp. 7304-7337, Nov. 2021.

ﬁ X. Fan, Y.-F. Liu, and L. Liu, “Efficiently and Globally Solving Joint
Beamforming and Compression Problem in the Cooperative Cellular Network
via Lagrangian Duality,” in Proc. IEEE Int. Conf. Acoustics, Speech, Signal
Process. (ICASSP), Singapore, May, 2022.

ﬁ R. D. Yates, “A framework for uplink power control in cellular radio systems,”
IEEE J. Sel. Areas Commun., vol. 13, no. 7, pp. 1341-1347, Sept. 1995.

Xilai Fan ICASSP 2022



