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ABSTRACT

In this paper, we consider a cloud relay network (C-RN) which pro-
vides reliable communication between long-distance users. Specif-
ically, we study the amplify-and-forward (AF) schemes in C-RNs.
In our scenario setting, with the cloud processor units fully coordi-
nating in the network, the C-RN can be treated as an MIMO relay
system. We therefore propose the beamformed (BF) Alamouti AF
scheme to provide multigroup multicast information delivery in this
network. By applying an Alamouti space-time code structure, the
relays adopt two rank-one weights to AF the received signals in two
time slots. Then, one more degree of freedom is available compared
to the traditional BF AF scheme, and a new fractional semidefinite
relaxation (SDR) is obtained from a max-min-fair quality-of-service
(QoS) perspective. We prove that the Gaussian randomization al-
gorithm based on the new fractional SDR has the same approxima-
tion quality—i.e., on the order of v/M-as the traditional rank-two
SDR approximation in multigroup multicast networks without re-
lays, where M is the number of users served in the network. This
result is verified by our numerical experiments.

Index Terms— Cloud relay network (C-RN), multigroup mul-
ticast, amplify-and-forward (AF), SDR, rank approximation.

1. INTRODUCTION

In recent years, the cloud radio access network (C-RAN) [1-3] has
been considered as a promising network architecture to offer a 1000x
increase in capacity to support broadband applications. The key en-
abling technologies in C-RANSs are the cloud processors pool and
fronthaul and backhaul links, which coordinate all the base-stations
in different cells as a cloud base-station, so that users can be served
in a jointly optimized way. This idea can be extended to relay net-
works to facilitate information delivery between long-distance users,
and we call this type of networks a cloud relay network (C-RN).
The C-RN we consider in this paper is a typical one-way re-
lay network including transmitter nodes, receiver nodes and relay
nodes, where each node has a single antenna. Similar to C-RANS,
a distinguishing characteristic for C-RNs is that the relay nodes are
connected via a cloud central processing pool with fronthaul and
backhaul links. In this work, we particularly consider the scenar-
ios where the cloud relays enable a reliable information delivery by
means of amplifying-and-forwarding (AF) received signals.' In gen-
eral, there are various scenario settings for C-RNs. The specific C-
RN we consider here is essentially an MIMO relay system, since
the cloud relays in our problem can fully cooperate with each other

'The cloud relays can also decode-and-forward (DF) the received signals,
but this is not in the scope of this paper.

and share information within the cloud. In the literature, there are
many works involving MIMO relay AF designs [4-12]. Herein we
consider the multigroup multicast transmission from a max-min-fair
(MMF) quality-of-service (QoS) perspective. Assume that the chan-
nel state information is perfectly known in the C-RNs. The classic
approach in this context is to apply a rank-one beamformed (BF)
AF scheme [5]. The resulting design problem can be formulated
as a fractional quadratically constrained quadratic problem (QCQP),
which is NP-hard in general [13, 14]. By applying the semidefinite
relaxation (SDR) technique [15], the MMF signal-to-interference-
plus-noise ratio (SINR) associated with the SDR solution is at least
on the order of 1/M times that associated with the optimal solution
to the fractional QCQP [13, 14], where M is the number of users
served in the network. To further improve system performance, we
propose an Alamouti code in the AF structure such that two inde-
pendent rank-one weights are adopted to AF the received signals in
two time slots. We call such a scheme the BF Alamouti AF. The per-
formance of the BF Alamouti AF scheme is provably no worse than
the BF AF scheme. Moreover, by applying SDR, a new fractional
SDP is obtained. Our analysis shows that the SDR-based BF Alam-
outi AF scheme is guaranteed to be optimal when M < 4, which
is better than the BF AF scheme, for which optimality is guaranteed
only when M < 3. Moreover, when M > 4, the MMF SINR of the
SDR solution to the BF Alamouti AF scheme scales on the order of
1/+/M times that of the optimal solution, which is also better than
the BF AF scheme.

It is worth mentioning that in [16], the authors proposed a rank-
two BF AF scheme in relay networks. However, the scenario they
focused on is the distributed relay AF in a single-group multicasting
network, while our work deals with a more general multigroup mul-
ticasting setting for both the distributed relay AF and MIMO relay
AF (we present the MIMO relay case as an example in this paper).
Moreover, we provide a provable result for the proposed scheme.
From a theoretical perspective, our contribution in this paper is to
generalize the rank-two approximation bounds for fractional SDR
problems in our previous work [13]. In particular, we prove that
for fractional SDRs, the approximation obtained by two independent
rank-one random vectors can exhibit the same quality as a rank-two
approximation. These results are verified by numerical simulations.

2. THE MULTIGROUP MULTICAST C-RN MODEL AND
THE BEAMFORMING AF SCHEME

Consider a C-RN system shown in Figure 1, where we assume that
the relay network architecture consists of three components: 1) the
centralized processors units (PUs) pool with backhauls, 2) the opti-
cal transport network, i.e., the fronthaul links, and 3) relays in the
network. The relays can acquire the channel state information (CSI)



of its own links and pass them to the PUs pool via fronthaul. The PUs
pool is the centralized processing center in the network. Through-
out this paper, the scenario we consider is that the capacity of the
fronthaul-backhaul links is unlimited and the relays fully cooperate
and share received signals with each other. Under this setting, it is
easy to see that the C-RN can be treated as an MIMO relay system.
We therefore consider multigroup multicast information delivery
in the target MIMO relay system. Specifically, assume that G single-
antenna transmitters aim for sending GG independent information to
G groups of single-antenna users. There are my, users in group-k
that request the same information, while users in different groups
request different information. Thus, we have in total Zszl my =
M users in this network. Since the transmitters and receivers are far
apart, there is no direct link between them and reliable information
delivery is enabled by L distributively-located single-antenna relays,
which AF the received signals from sources to destinations. In this
way, the information can be delivered in two time phases:
1) Phase I: the transmitters send information to relays. The receive
model for the source-to-relay link is described as

G
r(t) = _Z fisi(t) +n(), (1)

where r(t) = [r'(t),...r°(t), ..., 7" (¢)]T withr¢(¢) = ZG:1 fis;(t)
+n(t) being the received signal at relay-£; s;(t) is the common in-
formation for group-j with E[|s;(t)|?] = P;, where P; is the trans-
mit power at transmitter-j; f; = [f]-l7 e ff, v f]-L}T is the channel
from source-j to the relays, where ff is the channel from source-j to
relay-¢; n(t) = [n'(t),...,n’(t),...,n" (#)]" with n*(t) being the
white noise at relay-¢ with variance o7

2) Phase II: relays process the received signals and then forward
them to receivers. In the literature, a popular AF scheme in this
context is to implement rank-one beamforming [5]. Since the re-
lays fully cooperate and share information with each other, the AF
process can be given by

x(t) = Vr(t) = Y _vir(t), 2)
=1

where V = [v!,...,v* ..., vl]is an AF weighting matrix with v* €

CE. Then, the received signal for user-k in group-i is expressed as
yk,i(t) = g,fix(t) + vk,i(t), k=1,...,.G (3
= chzl 25:1 glg{,ivéffsj (t) + 25:1 gzﬁi"enz(t) + 'Uk»i(t):

where gr.i = [gh i+ - Gki» - Gk.s) " is the channel from the relays

= 1, e, Mg,

to user-(k, ) with g, ; being the channel from relay-¢ to user-(k, i)
and vy ;(t) is the white noise at user-(k, i) with variance o, ;. There-
fore, the SINR for user-(k, ) can be expressed as
2
P |1 ol S|
L 2 L
Zm?gk P )24:1 gﬁivéffn‘ + 28:1 ’Uzgfﬂg

Assuming that all the channel state information (i.e., f; and gy ;) are
perfectly known at the cloud PUs pool and denoting w = vec(V),
we arrive at the following MMF SINR design problem:

Vk,i = 2

2
+Jk,i

H
. w AL W
(RIBF) w* =arg max min ;= %
weeL? i=limy wiCp,w+1
subject to w’Dw < P,

where P is a given power limit to the AF signal x(¢) such that
E[[|x(t)[*] < P and Ay,;, Ck,i, D are defined as

A = Pe(fi ® gei)(fr @ gri) ™ /ot “

Crii =2 sk P © g i) (fm ® ar)" ot ©)
+ 31 @ (ghighi)oa.s,

D=L, fiff +30) e, 6)

where X, = Diag(c?, ...,0%, ...,0%) and ® denotes the kronecker
product. In general, (R1BF) is an NP-hard fractional QCQP [13,14].
We can approximate it via the SDR technique [15]. That is, by letting
W = ww!’ and then dropping the non-convex rank constraint, a
fractional SDR of (R1BF) is obtained as

(R1ISDR) W* =arg max_~(W)
WeHiz
subject to D- WP,

where HY is the set of all N x N positive semidefinite matrices and

with - being the matrix inner product operator. Problem (R1SDR)
serves as a convex relaxation of (R1BF) and it always admits that
y(W*) > ~(w*w*H), where equality holds whenever (R1SDR)
has a rank-one solution. If we have rank(W™*) > 1, a Gaussian
randomization algorithm in [13, 14] can be applied to generate an
approximate rank-one solution w. In Proposition 1, we provide SDR
approximation bounds for (R1SDR).

Proposition 1.  Let M denote the number of users in relay net-
works. When M < 3, SDR can always produce an optimal solution
to Problem (RIBF). When M > 3, let w be the solution returned
by Gaussian randomization algorithm and N be the number of ran-
domizations. Then, with probability at least 1 — (5/6)", we have

H (W) y(w'w
K (WW ) Z RM(6log(3) + 1) = 8M(6log(3) + 1)

*H)

Proposition 1 is the rank-one version of Theorem 1 in [13]. A direct
consequence of this proposition is that, SDR-based BF AF scheme
works well when M < 3; otherwise, it may experience an SINR
performance degradation and the worst-case degradation rate is on
the order of 1/M. In other words, the BF AF scheme may not work
well when the number of users in the system is large.

3. THE RANK-TWO BEAMFORMED ALAMOUTI AF
SCHEME FOR CLOUD-RELAY NETWORKS

Previous discussions reveal that the BF AF scheme may not be ef-
fective for large scale systems. This motivates us to propose the BF
Alamouti AF scheme in the C-RN. The key idea here is to adopt the
Alamouti space-time code structure in the AF process. Intuitively,
we expect that with the aid of an Alamouti code, one more degree
of freedom can be exploited so that we may enhance performance
in terms of the worst user’s SINR. In this section, we introduce the
transmit structure of the BF Alamouti AF scheme and moreover, as
a main contribution of this paper, we provide a theoretical analysis
for the proposed AF scheme.

To describe the BF Alamouti AF scheme, we parse the transmit
signal in two time slots as s(m) = [ s(2m) s(2m + 1) |7 and



modify the AF signal model at Phase-II (Phase-I remains the same
as before) as follows

L
= [vi, va]Clre(m)), @
=1

where C : C? — C?*? is the Alamouti space-time code, r¢(m) =

[rf(2m) r*(2m+1)]" and v; € C* is defined in such a way that

Vo =[vp e Vf,, s vzﬂ is the AF weighting matrix for time slot p

(p = 1, 2). Then, the received signal for user-(k, ) is expressed as
Yri(m) = [yk,i(2m), yr.i(2m + 1)] ®

L
= ngl [vi, vg]C(rg(m)) + [vk,i(2m), vi:(2m + 1)].

Let w1 = vec(V1), w2 = vec(Va2). Similar to (R1BF), the MMF
design problem for the BF Alamouti AF scheme is formulated as

H H A
wi A Wi + Wy Ay Wo
(R2BF) max min
wl,w2€CL2 k=1,...,G; Wi Ck‘ iW1 + Wy Ck iwa + 1

1=1,...,mk

subject to wiDw, + wiiDw, < P,
where Ay ;, Ck ; and D are defined in (4), (5) and (6), and
Avi = Pu(fr @ gii)(Fr @ g1,)" ok i )
Cri =2 sk Pn(Frn @ i) (Frn @ gr) Joi;  (10)

+ 21 ® (graighs)/ok.i-
We therefore obtain the SDR of (3) as follows:
(R2SDR) (WI,W3)=arg max _06(Wi, Wy)

W1, Woehl?
subjectto D-W; +D: - Wy < P,
where

(W1, W2) = min Ak Wi + Api - Wo .
k=1,..., G Ck,1 -Wi1 + Ck,q; -Wa +1

Let wi, w5 be the optimal solution to (R2BF). Clearly, we have
0(Wi, W3) > O(WIWIH, wgng), where equality holds when-
ever (R2SDR) has rank-one solutions. In the sequel, we will analyze
the performance of the BF Alamouti AF scheme by answering three
questions.

Question 1: What is the relationship between the convex relax-
ations (R2SDR) and (R1SDR)?

In our recent paper [13, 17], we show that for traditional multi-
group multicasting without relays, rank-one beamforming and the
BF Alamouti scheme result in the same SDR problem. The only dif-
ference is that rank-one beamforming (BF Alamouti) admits a rank-
one (rank-two) approximate solution. This situation is quite different
in relay networks. Herein, we actually arrive at two different SDR
problems; i.e., (R1ISDR) and (R2SDR). It is easy to see that

Proposition 2.  Any feasible solution of (RISDR) must be feasible
solutions of (R2SDR).

The proof is straightforward: Let W be the any feasible solution to
(R1SDR). Then, (W, 0) must be a feasible solution to (R2SDR).
Question 2: When is (R2SDR) equivalent to (R2BF)?

Since the proposed BF Alamouti AF scheme increases one de-
gree of freedom in the AF weights, similar to Proposition 1, by ex-
ploiting the results in [18], we provide a sufficient condition for the
existence of rank-one solutions to (R2SDR) in Proposition 3.

Proposition 3.  Problem (R2SDR) can always produce an optimal
solution to Problem (R2BF) when the number of users M < 4.

This, together with Proposition 2, implies that the BF Alamouti AF
scheme is at least no worse than the BF AF scheme when M < 4.
While when M > 4, non-rank-one W7, W3 may exist. For those
non-rank-one cases, we adopt the followmg algorithm to produce
rank-one approximate solutions W, and W.

Algorithm 1 Gaussian Randomization Procedure for (R2SDR)
I: forn=1,2,...,N do
2:  Foreachp = 1,2, if rank(Wy3) = 1, £ = w,, where
w;wp = W,; ifrank(W ) > 1, generate an independent
random vector £p ~ CN(0,W;);
3:  Scale randomized & to satisfy the power constraint and set

0" =0(grer enes™)
4: end for . _—
5: Setn* := argmaxn=1,...nv 0" and output: Wy = £ &7

R +H
and Wo = &5 &3

Question 3: What is the approximation quality of (R2SDR)?
Based on Algorithm 1, we have Theorem 1 to identify the ap-
proximation bounds for the BF Alamouti AF scheme.

Theorem 1. For the cases where rank(W) > 1 for some p = 1,2
in (R2SDR), let W1, Wy be the solutions returned by Algorithm 1.

Then, with probability at least 1 — (7/8)~, we have
* * *oox H *oox H
9(W17W2) 2 0( 17W2) > 0(W1W1 , WaWo )
16v/M (2log 16) 16v/M (2 log 16)

where N is the number of randomizations.

We relegate the proof in the Appendix. This theorem provides the
SDR approximation quality of the BF Alamouti AF scheme in the
multigroup multicast one-way relay network. It says that if (R2SDR)
does not return optimal rank-one solutions, the Gaussian random-
ization algorithm can generate approximate solutions such that in
the worst case, the corresponding objective of (R2BF) scales on the
order of 1/ /M with respect to (w.r.t.) its optimal objective. Obvi-
ously, this result is better than that in Proposition 1. This implies that
the BF Alamouti AF scheme can outperform the BF AF counterpart.
Remark 1: One may observe that (R2BF) can otherwise be writ-
ten in the form of (R1BF) by letting w = [w1;w2] and Ay ; =
[Ak,i,0;0, Ay ], and we can get the same approximation bounds
as that in Proposition 1. Apparently, this bound is inferior to our
result in Theorem 1.

Remark 2: If we set A = A and C = C in (R2SDR), Theorem
1 is indeed a generalization of our previous work [13, Theorem 1],
where we consider the rank-two approximation quality of the SDR
problem (R1SDR) in a multigroup multicast network without relays.

4. SIMULATION RESULTS AND CONCLUSIONS

In this section, we show numerical simulations in C-RNs. Without
loss of generality, we assume that each group has an equal number
of users, i.e., my = G ; the channels are independently generated by
Srygrki ~ CN(0,I); the noise power at relays and users are both
set to be 0.25; the signal power at each transmitter is OdB. For each
AF scheme, we averaged 100 channel realizations to get the plots.
The number of randomizations is set to be 1, 000.



In Figure 2, we vary the power allowed at relays to see the worst
user’s SINR for different problem formulations. Herein, the number
of relays is L = 4 and two scenario settings are shown respectively.
One is the single group multicasting with G = 1 and M = 16; the
other is multigroup multicasting with G = 2 and M = 12. For both
scenarios, we see that (R2SDR) indeed has a better objective (obj.)
value than (R1SDR). Moreover, the BF Alamouti AF scheme based
on (R2SDR) can outperform the BF AF scheme based on (RISDR)
in all power regions. The worst user’s SINR scaling w.r.t. the number
of users is shown in Figure 3 when P = 10dB. From the figure,
we see that (R2SDR) serves as an upper bound of (R1SDR), which
is consistent with Proposition 2. Moreover, it shows that the BF
Alamouti AF scheme has a better scaling than the BF AF scheme
w.r.t. number of users, which verifies the results in Theorem 1.

To conclude, in this paper we have studied the relay AF schemes
in C-RNs. We show that, with a cloud PUs pool fully coordinating
in the relay network, the C-RN we consider here can be seen as an
MIMO relay system. A novel BF Alamouti AF scheme is there-
fore proposed for this system, which has a better SINR scaling w.r.t.
the number of users, compared to the traditional BF AF counter-
part. Our main theoretical result implies that the approximation for
Problem (R2SDR) obtained by two independent rank-one vectors
exhibits the same quality as a rank-two approximation for Problem
(R1SDR). This generalizes the approximation bounds for the exist-
ing SDR rank-two approximations.

5. APPENDIX

To prove Theorem 1, we follow the same flow as the proof of Theo-
rem 1 in [13] by replacing Lemmas 1 and 2 in [13] as follows

Lemma 1. Given Hermitian positive semidefinite matrices A, A,
C, C, let & ~ CN(0,WY}), n ~ CN(0,W3) be independent
random vectors. Consider the matrix W1 = ££H and Wy = nnH .
Then, for any p < 1,

Pr ( AW +A Wy

A-Wi+A- W3 5p \?
C-W1+C-W2+l — — )

CWi+C-Wj+1 w—2p

wherew < 1/(rank((W7)2 A(W3)?)+rank((W3)2 A(W3)2))
and 0 < p < 4. Moreover, given that D is a Hermitian positive
semidefinite matrix, for any v > 2, we have

Pr (D~VV1 +D-W, > v(D~W;+D~W;)) < 2exp(—3).

Note that Lemma 1 is a non-trivial extension of Lemmas 1 and 2
in [13]. We omit the proof here due to page limit and will defer it to
the full version of this paper.

Now, consider a fixed n in Algorithm 1. Let W, = grenH,
W, = £2¢0H For any p,v > 0, consider the events

P = Ay WitAg - Wo <
ki Ck,iW1+Cy ; Watl —

E:{D~W1+D~VV2ZU(D‘W{+D~W§)},

Ay i Wi+Ay ;- W3
pck,i'Wf+Ck,,i'W§+1 ’

As in [13, Theorem 1], we bound Pr(F’) and Pr(E), where F' =
UM Fy ;. Armed with Lemma 1, by choosing w = 0.5, p =

m=1

1/(16vV M), v = 2log 16, we obtain

Pr(F) < SN Pr(Fes) < M (g22;) <2, ap

0.5—2p

Pr(E) < 2exp(—v/2) =1/8, (12)

where (12) comes from the remarks after the proof of [19, Proposi-
tion 2.1]. Thus, we have

Pr ({9(VV1,VV2) > pe( ;,wg)} A {D "W, +D W,
<u(D -Wi+D- wg)}) = 1— Pr(E) — Pr(F) > 1/8.
This implies that, with probability at least 1/8, we have

(Wi, W3)
161/M (21og 16)

This, together with (W7, W3) > 9(WIWIH,W§W§H), com-
pletes the proof.

G (Wl,\fvg) > ge(WLWE) 2

Fig. 1. An example of the cloud relay network.
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Fig. 2. The worst user’s SINR versus power allowed at relays.
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Fig. 3. The worst user’s SINR w.r.t. number of users in the C-RN.
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