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Introduction

Modern communication systems require:

Higher communication capacity
Higher spectral efficiency
Lower power consumption
Resource pooling

Scalability

Users
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Modern and future communication system infrastructure:
Central unit (CU) - performing signal processing and control

Remote radio heads (RRH) - performing the radio frequency (RF) functions of

Digital Links
1
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amplification, reception and basic signal processing (compression), denoted in our

work as “Relays”.
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Introduction (cont.)

Examples for systems that use relaying:

* Future wireless networks [Amjad, Musavian, Rehmani, 2019]

e Cloud radio access network (CRAN)
[Park, Simeone, Sahin, Shamai, 2014], [Quek, Peng, Simeone, Yu, 2017], [Aguerri, Zaidi,
Caire, Shamai, 2019].

Our study is directly associated with these models, with the focus on point-to-point

communications over the primitive diamond channel.

* The scalar Gaussian transmission over the oblivious symmetric diamond relay Gaussian
channel is shown in [Sanderovich et al., 2008].

* The capacity of oblivious relays with L users and K relays using JDD is provided in
[Aguerri et al., 2019].
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Introduction (cont.)
Uplink Channel:

In [Sanderovich et al., 2008] upper and lower bounds for the single user uplink channel
are presented. Both joint decompression and decoding (JDD) and successive
decompression and decoding (SDD) are presented. Time-sharing of decode and forward
(DF) and compress and forward (CF) is considered for discrete-time model.

The capacity of the scalar Gaussian case is derived.

Compute and forward (CoF) relaying is proposed in [Nazer et al., 2011].

In [Park et al., 2013] it is presented that JDD outperform SDD. A comparison of SDD with
CoF is shown in [Park et al., 2014]. It is suggested that CoF outperforms in high SNR.

In [Aguerri et al., 2019] it is shown that JDD does not provide much gain over SDD, both
have the same maximum sum-rate. It is also shown that CoF does not always
outperforms in high SNR.

Also, the capacity of oblivious system with L users and K relays using JDD is provided.
Tighter upper bound than the cut-set bound is shown in [Wu et al., 2019].
Uplink-downlink CRAN duality aspects [Liu, Liu, Patil, Yu, 2021].
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Introduction (cont.)

In [Katz-Peleg-Shamai, 2019] we examine the single user oblivious uplink primitive
diamond channel, extending the single relay results of [Homri-Peleg-Shamai, 2018].

We extended the system model in [Katz-Peleg-Shamai, 2021] with optimal time-sharing
between oblivious and non-oblivious relaying and presented the cost of obliviousness.

In [Katz-Peleg-Shamai, 2022] we compared the time-sharing with a superposition coding
scheme and proved that time-sharing is advantageous.

The effect of interference on the system rate is of interest. In [Peleg-Shamai, 2017] the
single relay channel with interference that is known at the encoder was investigated, using
the known dirty paper coding scheme from [Costa, 1983].

In this work we extend the primitive diamond system model with correlated channel
noise, derive a closed form formula and study the effect of positive noise correlation.
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System Model — Gaussian primitive diamond relay channel

o We investigate the uplink using the case of Gaussian channel with correlated noises and
limited rate relay to destination ideal fronthaul link.

o For the oblivious case the compress and forward (CF) method is used.
In this there is no a priori knowledge of the modulation or the coding at the relay, thus the
relaying system is universal and can serve many diverse users and operators.

« For non-oblivious relay we use the decode and forward (DF) method.

« The combination of CF and DF relaying is also analyzed.

Relay system | Destination E(f\'rl -Nz) =p
N;~N(0,1)

_
X~NQO.P) <
~ 2 '
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The information bottleneck problem

« The information bottleneck [Tishby et al., 1999], [Chechik et al., 2005] adds a rate
constraint to the known AWGN channel model. This is a more precise model
which is necessary in order to evaluate CRAN performance.

Source N;~N(0,1) Ny ~N(0,1) Relay system
y Source Y C 7
~ ‘ > » XNN 01 P) > Lt E . 1 —»
X~N(0,P) L/ ( L ne Destination
Destination
| max (X Z) 1 14 P
Rawen = 5 10g2 (1 + P) Pzly) - RSingle Relay — 5 10g2 (1 +P. 2_20)
st I(Y;72)<C

[Winkelbauer-Matz, 2014]
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Distributed information bottleneck

« Distributed IB is an extension of the IB problem for the case of more than one relay
[Zaidi et al., 2020]. This extension can be seen as the Chief Executive Officer (CEQ)
remote source coding problem with logarithmic loss distortion [Ugur et al., 2020],
[Aguerri et al., 2018].

« The system rate of [Sanderovich et al., 2008]:

max min %logz (1 +P Z (1-— 2_2”}) + Z(C —7)

ra>0S€el2 ) 4
s LeSC LeS

« The same rate can be derived from [Aguerri et al., 2019]:

Ry < ] C.—I(Y.: U | X I1(X:U
ng[lll*lz}kes[ k (Yi: Uy )]"' (X:Ugc)
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Relaying Techniques - Compress and forward

Each relay compress the received signal into digital representation, which is then
transmitted to the destination.

The compression method is distributed Wyner-Ziv compression.

Higher fronthaul rate leads to lower quantization noise.

At the destination, the compression indices and the user messages are jointly
decoded based on the data received from the relays.

Decoding at the destination is done by JDD.
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Relaying Techniques - Compress and forward

* For the discrete-time real gaussian signal over oblivious diamond relay Gaussian
channel, the optimal solution was shown in [Sanderovich, Shamai, Steinberg and

Kramer, 2008].
* SNR,=SNR, =P,
* Fronthaul rate = C [bits/channel use]

* The system rate in [bits/channel use] is

1
RCF = 5 log2 [1 + ZPCF . 2_4CGF . (24CCF + PCF — \/P(%F + (1 + ZPCF) . 24CCF)]
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Relaying Techniques - Decode and forward

* The relays are non-oblivious.

* Each relay decodes the message and sends half of the bits to the CU.
* The CU combines the bits received from the relays.

* SNR;=SNR, =P

* Fronthaul rate = C_ [bits/channel use]

* The system rate in [bits/channel use] is the known broadcast channel capacity

1
Rpr = | logy(1 + Por)

s.t. Cpr 2 % = 1logy(1 + Ppr) |bits/channel use]
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Relaying Techniques - Time-sharing
We use time sharing with both CF and DF.

In the first phase, both relays transmit DF over time fraction T with power P__and
fronthaul rate C.

In the second phase both relays transmit CF over time fraction T, with power P_. and
fronthaul rate C_.

The time allocation is done according to the total average power and rate constraints.

Rrs =Tpr - Rpr(Ppr) +Tcr - Rer(Por,Ceor)
0<Tpr <1
Power Rate 0 E TOF E 1
0<Tpr+Icr <1
0 <Tpp- Ppr+Tcr-Pcr < P

0<Tpr-Cpr+TIcr-Ccr <C

_—
Time
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Diamond relay channel with correlated noise

Y1 = Xcr + V1
Yo = Xep + N5

* A correlated noise can be caused, for example, by a jammer that interfere both relays, a
scheme that was previously investigated for infinite fronthaul rate in [Sanderovich et al.,
2011].

* For DF operation, correlation between N; and N, does not affect the system rate
because the message is decoded separately at each relay so there is no information
about the other relay signal that could be used during decoding.

* For CF method, correlation between N; and N, does affect the system performance.
We next calculate the CF system rate for correlated noise

RcF corr(Por, Ccr, p)
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Compress and forward with correlated noise (cont.)
* We first express the CF system rate for non correlated noise as an eaquivalent AWGN:

A 1 ]

[(X; X) = Rer = 5log, [1 +2Pgp - 271%F . (210eF 4 Pop —\/Pf%p +(1+2FcF) - 24"5’”)]

\ Y )
SNR,,

) X
X = /SNR., - Tt Ny~ N

* For positive correlation p, we can express the noises as
Ni=/p-L+ M L~ N(0,1) E(M; - My) =0
Ny = /p-L+ M, M, M ~ N(0,1—p) E(L-M;)=0

* Then the equivalent channel is
Yi=X+p-L+M
Yo=X+./p-L+ M,
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Compress and forward with correlated noise (cont.)

* We now combine X and L and treat them as a single CF user W, so we can use the CF
system rate for non correlated noise.
Yi=X+p L+ M
Yy =X +/p-Li+ M,

Y
CF user
* We then normalize the independent noise power in Y;, so the equivalent channel is

HP=WXSNRP-W+U1 vy,vs ~ N(0,1)
Yo, = \/SNR, - W + 13 W ~ N(0,1)

: P
W=X+\/EL SNR, — CF TP
VPer+p t-e
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Compress and forward with correlated noise (cont.)

* Now as before, we can treat this CF system as an equivalent AWGN
X, =\/SNR.,, W +v3

SNReq,=2-SNR,-27%CcF . (2*cr 1 SNR, _\/SNR?: +(1+2-SNR,)- 24CCF)

* The destination then extracts X from W, treating L as noise.

% SNR, SN
X, = JINR, Wty = VN o VINBey

+ Ve L+tv
VvV Per +p vV FPor +p ﬁ 3

* Therefore, the final SNR is

SNRy — SNReq, - Pcr _ SNRe.q,- Por
(PCF—Fp)-(%_}_l) SNRey,-p+ Por+p

* And the CF system rate is then

- 1
Repp=1(X5X,) = 2 logy(1+ SNRp)
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Compress and forward with correlated noise (cont.)

* For p = 0 we get the expected CF rate for non correlated noise.
* For p = 1 we get the classical standard bottleneck result with fronthaul capacity 2C

1 1 .
RCF._pzl = 5 1012,'2(1 + SE\IR) — 5 log2(1 + SNR- 2—4(,)

* The noise correlation reduces the CF system rate, with higher affect in high fronthaul rates.

18/ 27

System Rate [bits/channel use]

1.5

System Rate vs Relay Rate

Cut-Set Upper Bound
CF Lower Bound

DF Lower Bound

CF p=0

CF p=0.5

*+  CFp=1

1.5 2 25 3 3.5 4 45
C [bits/channel use]

—~
TECHNION
5 P — 3 M Israel Institute of Technology



Diamond relay channel with correlated noise —
Time-sharing solution for positive correlation

As the correlation increases DF is being preferred over CF.

The system rate is lower than the non correlated case.

System Rate [bits/channel use]
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Dirty paper coding relaying

* This scheme, proposed in [Katz-Peleg-Shamai, 2023], is based on the writing on dirty
paper scheme [Costa, 1983].

X ~ N(0,P) Y=X4+S+N . P
S ~ N(0,Q) U=X+aS T P+N
N ~ N(0,N)

* Transmit DF letter along with CF letter:
Y1 = Xprppc + Xcr + Ny
Y2 = Xpr prc + Xcr + No

* The DF letter is encoded such that the CF letter is treated as interference, known
noncausally at the transmitter.

* Decoding the DF message at the relays achieves the DF performance, as there is no CF
letter (interference).

1
RDF (PDF) = I(U,Y} —I(U;S) = 510{2;2 (1 +PDF)
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Dirty paper coding relaying (cont.)

« The DF message is decoded at the relays and sent to the destination, but the DF signal
cannot be fully revealed (for the classical dirty-paper coding I(Y,U; S) = I(Y;S5)), so it
acts as correlated noise for the CF operation.

Y1 = Xcr + Xprprc + M1
Yo = XcF + Xpr,prc + N ,

Y
Noise for CF at the relay

* The CF operation is performed, considering correlated noise. The CF message is then
decoded from the information received from both relays.

* The CF system rate for correlated noise (correlation index p) is derived in this work.
RCF,CDII‘ (PCF: OCF: p)
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Dirty paper coding relaying (cont.)

* Transmit DF letter along with CF letter:
Y1 = Xprppc + Xcr + Ny
Ys = Xprppc + Xcr + No

* The total system performance is

Rppc = Rpr (Por) + Rcr corr(Por, Cor, p)
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Dirty paper coding relaying (cont.)

* Three modifications for the proposed dirty paper coding are considered in
[Katz-Peleg-Shamai, 2023]:

1. Optimize the user transmission by choosing a that maximizes the total system rate
(and not just the DF rate). For & = a* we get the classical DPC approach.

2. Modify the relay input after decoding the DF message, using the reconstructed
sighal U = Xpr + aX.r . One example is subtracting this signal from the relay
input before the CF operation, which results in eliminating the DF signal, but also
affecting the CF signal and reducing its SNR.

For &« = 0 we get the SPC scheme as a special case.

3. Optimize the CF operation by using the DPC signal Xpr + aX.r as a user that can
be decoded so we can exploit more information at the destination, this is instead
of using the DF signal as a virtual user.

We evaluated the performance of those modified schemes and compared to the suggested
DPC scheme. No improvement was seemed in the system performance.
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Conclusions and outlook
In this work we extended the diamond relay channel model to the case of correlated
noises.

We derived a closed form formula of the oblivious CF system rate for the positive
correlated noise case.

We examined the effect of the noise correlation on the CF system rate, showing that the CF
system rate is reduced with higher positive correlation.

An optimal time-sharing solution for the discrete time case is presented, showing that DF is
being more preferred because CF rate is reduced.
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Conclusions and outlook (cont.)

* The effect of negative correlation is presented in [Katz-Peleg-Shamai, 2023], where it is
proved that time-sharing is advantageous over SPC also in the correlated noise case.

* Using the results of CF rate for correlated noise, a DPC scheme that is based on
[Costa, 1983] is proposed in [Katz-Peleg-Shamai, 2023], extending the single relay DPC
scheme of [Peleg-Shamai, 2017].

It is proved in [Katz-Peleg-Shamai, 2023] that time-sharing is advantageous over the
DPC scheme.

* The effect of the noise correlation on the optimal frequency allocation is also
presented in [Katz-Peleg-Shamai, 2023]. For positive correlation the optimal frequency
allocation changes so that DF is being more preferred, but the allocated bandwidth
remains the same.
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Conclusions and outlook (cont.)

* For future work we suggest to consider the correlated noise case for the asymmetric
diamond channel.

* It be interesting to consider in future work a non-Gaussian input that might have better
performance than Gaussian, as demonstrated in [Sanderovich et al., 2008].

* An interesting challenge is to improve the cut-set upper bound and compare the
achievable rates to a tighter upper bound. An example of an improved upper bound for
the non correlated noise case is presented in [Wu et al., 2019]
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"Gaussian Primitive Diamond Channel: Correlated Noise at Relays and Relevant
Applications,"

Abstract—We investigate the special case of a symmetric Gaussian primitive
diamond relay channel comprising a correlated Gaussian noise channel, and
fronthaul links with limited rate from the relays to the destination. We use a
combination of oblivious compress and forward (CF) with distributed Wyner-Ziv
compression, and decode and forward (DF) techniques, where each relay decodes
the whole message and sends half of its bits to the destination. We derive the CF
achievable rate and investigate the effect of positive noise correlation on the
system performance. It is shown that CF-DF time-sharing scheme is
advantageous over a CF-DF superposition coding (SPC) approach, as well as on a
combination of CF and DF, based on dirty paper coding (DPC). The optimal time-
sharing proportion between CF and DF is calculated for positive noise correlation.

Joint work with: A. Katz, M. Peleg, H.V. Poor.
This work was supported by the German Research Foundation (DFG) via
the German-Israeli Project Cooperation (DIP), under Project SH 1937/1-1.

—~

TECHNION
u Israel Institute of Technology



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31

