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Evolution of Cellular Communications

Smart Phone (2007)
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(a) Cellular network generations (b) Global mobile traffic forecast

Each generation means
> 1ox increase in data rate
> More complex infrastructure
> More complex use cases

Samsung Research. 6G The Next Hyper-Connected Experience for All.

A. Harutyunyan and P. Sen. In-Band Full-Duplex Solutions in the Paradigm of Integrated Sensing and Communi-
cation. In: 2023 IEEE Int. Conf. Acoustics, Speech, and Signal Processing Workshops. 2023.
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6G Services

(a) Truly Immersive XR (b) High-fidelity Mobile Hologram (c) Digital Twin

> Truly Immersive XR: Very high data rates and low latency to realize Virtual
Reality, Augmented Reality, and Mixed Reality

> High-fidelity Mobile Hologram: Next-generation media technology presenting
gestures and facial expressions by means of a holographic display

> Digital Twin: Replicates physical entities and interact with them in a virtual
world without temporal or spatial constraints

Samsung Research. 6G The Next Hyper-Connected Experience for All.
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Examples of 6G Requirements/Challenges

H

<— 3GPPFR1 ——> < 3GPPFR2 ——>

6G spectrum grouping

User Experienced
Data Rate

> Requirements: (©ps)
1. Peak data rate: 1 Tbps (5G x 50) Peak Data Rate

(Gbps)

2. Average data rate: 1 Gbps (5G X 10) =
3. Latency: 100 psec (5G x %)

Energy Efficiency

> Challenges:
1. Severe path-loss (280 GHz has ~ 20 dB <

higher th 8 GH ) Reliability ..~ spectral Efficiency
igher than 2. z
2. Massive numbers of antennas to
overcome severe path-loss R
3. More power consumption (e.g., ADC) - _

Connection Density Air Latency
(devices/km?) (ms)

5G vs. 6G key performance requirements

Samsung Research. 6G The Next Hyper-Connected Experience for All. 6/105
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L - TDD FDD Cross-Division Duplex Full-Duplex
Time (XDD) (FD)

Evolution of duplex technology with Cross Division Duplexing (XDD) and Full-Duplex (FD)

» In Frequency Division Duplexing (FDD) and Time Division Duplexing (TDD),
downlink and uplink signals are transmitted in a “mutually exclusive" way

> Uplink issues in Time Division Duplexing: short transmission period affects
coverage (longer distance times out faster) and data rate (switching overhead)

> Cross Division Duplexing can increase uplink communication coverage and
reduce latency by enabling long uplink transmission

> Full Duplex can increase capacity (max 2x in theory), reduce latency, and improve
uplink coverage by deviating from the “mutually exclusive" principle

H. Ji, Y. Kim, K. Muhammad, C. Tarver, M. Tonnemacher, T. Kim, J. Oh, B. Yu, G. Xu, and J. Lee. Extending 5G TDD
Coverage With XDD: Cross Division Duplex. In: /EEE Access 9 (2021), pp. 51380-51392. 7/105
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Full-Duplex Challenges
Downlink m ”wmi

interference

User Equipment

Self-interference Base Station Base Station

: D link
Base Station @ Upl “k/ \Cvn in] '
Uplink TN\ /\
User Equipment. Dl @ D‘

User Equipment User Equipment, User Equipment.

(a) Self-interference (b) Cross-link interference

» Near-far problem (left): collocated transmit/receive arrays of full-duplex

basestation receiving from far uplink user

- Incurs self-interference (100-160 dB) higher than uplink received power
- Self-interference more severe for cell-edge users due to high pathloss
- Saturates receiver analog-to-digital converters (ADCs) reducing data rate

» Cross-link interference (right): inter-user and basestation-to-basestation
interference
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Contributions

Full-Duplex Full-Duplex
Sl SI
Node 1 Node 2

Contribution 1: Point-to-Point System

Core Network

avinterterey,
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To Node 2

Fiber Backhaul

To Node 1

gNB Donor

i User Equipment
Self-Interference

m Contribution 3: Integrated Access and Backhaul
Uplink User
- Self-Interference
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Full-Duplex o
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Inter-User interference

Downlink User
Set of Downlink Users Set of Uplink Users

Contribution 2: Single-Cell Single-User MIMO
Contribution 4: Single-Cell Multiuser MIMO
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Self-Interference

Contributions

- e
Self-Interference cel \“\eﬁej?i‘c, S -
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~

Downlink User

Uplink User
Contribution 5: Multi-Cell Multiuser MIMO (Cellular Networks)
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Contributions N

30 —¢ Transmit Power
> Use the degrees of freedom in large-antenna
full-duplex cellular systems to suppress

RF Isolation

self-interference and increase data rates o
- Design low-complex and robust hybrid Tansmit 87
analog/digital beamformers against Sl . S

- Achieve large Sl reduction in the analog
domain to avoid ADC saturation

Receive BFC

- Prove feasibility of FD cellular systems 50 Reaching i Chains
Contributions naog SIC.
Point-to-Point System -0 Resching ADGs
Single-Cell Single-User MIMO Diga SIc.

Integrated Access and Backhaul
Single-Cell Multiuser MIMO
Multicell Multiuser MIMO (cellular

networks) Example breakdown of successive interference
cancellation (SIC) power levels at various points in a full
duplex mmWave transceiver employing beamforming
cancellation (BFC)

~90 — Effective SI Power

VAW

lan P. Roberts, Jeffrey G. Andrews, Hardik B. Jain, and Sriram Vishwanath. Millimeter-Wave Full Duplex Radios:

New Challenges and Techniques. In: /EEE Wireless Communications 28.1(2021), pp. 36-43.
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2. Single-User MIMO (Contribution 2)
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Description

Loopback Self-Interference Hs

Uplink User | Full-Duplex Basestation I Downlink User

Inter-User Interference H,i

Hybrid analog/digital beamforming architecture of a single-user MIMO system

v

FD base station (BS) simultaneously communicates with uplink and downlink
users in the same resource block

Hybrid beamformers decomposed into analog (RF) and baseband (BB) modules
Uplink user is corrupted by loopback SI

Downlink user is disrupted by inter-user interference (IUl) incurred by uplink user
Analog beamformers at users and BS: FRE, WRE, FRE and WEE

. FBB \\/BB EBB BB
Baseband beamformers at users and BS: Foe- Wge. Fgs and Wgg

vVvyVYyYyYyy

Elyes Balti, Salam Akoum, lyad Alfalujah, and Brian L. Evans. Hybrid Beamforming Design for Full-Duplex Millime-
ter Wave Massive MIMO Systems. In: /EEE Transactions on Vehicular Technology 73.11(2024), pp. 17041-17058.
13/105
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Signal Model

> The uplink received signal (yu € CNs*1) at the base station is

BB*\\/RF RF -BB BB*\\/RF RF BB BBx\\/RF
Yu = /PuWgs " Wgs " HuF(eFgEsu + v/psWes “Wgs " HsFgsFEs sd + Wgs“Wgs " nes
Desired Signal Self-Interference Signal Filtered Noise

()

> The downlink received signal (yq € CNs*1) at the UE is expressed by

BBsxy\p/RF* RFEBB BB \p/RF* RF BB BBy\p/RF*
yd = vPaWue Wie HaFesFessd + vpisiWoe WiE HiwiFUeFuesy +Woe " WiE nue
Desired Signal Inter-User Interference Signal Filtered Noise
()

» s, and sq are the uplink and downlink transmit symbols, respectively.

> pu, pd, ps and p,; are the large-scale average received uplink, downlink, Sl and
IUl powers, respectively

» Hy, Hy, Hs and H;y; are the uplink, downlink, Sl and Ul channels, respectively.
» ngs and nyg are the AWGN at the BS and UE, respectively
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Hybrid Analog/Baseband Problem Formulation

» To maximize the sum uplink/downlink spectral efficiency

Py : . maxRF . Tu+ 14
WES TEE WaE Tl
Wgs :Fes Wue-Fue

s.t. |[FREFEB||2 = N, (Downlink transmit power)
IFREFBE||2 = N (Uplink transmit power) )
3

FRE, FRE € Fre (Unit — modulus, set of feasible RF precoders)
WBS,W € WgEe (Unit — modulus, set of feasible RF combiners)
WRE*HFRE = 0 (Self — interference suppression)

WRF*H,U,FUE = 0 (Inter — user interference suppression)

» Decompose the hybrid beamforming problem into two stages: Analog and
baseband

15/105



- The University of Texas at Austin

Cockrell School of Engineering

Analog Beamforming Stage

» The analog beamforming problem is stated as

92 Ty + Id
WES 1F5§ ’WSE’FRF

s.t. FBS’ 6 Fre (Unit — modulus, set of feasible RF precoders)
WBS,W € WrEe (Unit — modulus, set of feasible RF combiners) (@)
WEE* HsFRE = 0 (Self — interference suppression)

=C

WRF*H,U,FR = 0 (Inter — user interference suppression)

> A preliminary solution (WEE) is given by
1. Maximize the received power by taking the NEE dominant left singular
vectors of the uplink beamformed channel H,, FRF EFBE
2. Suppress the effective Sl by projecting the BS analog combiner on the SI
null-space (P, =1— CC')
3. Project the BS analog combiner onto the unit modulus space (Wgg)
> Limitation: The projection onto the unit modulus space (2) violates the
interference suppression constraint (3)
16/105
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Analog Beamforming Solution

> Seek for the optimal subspace that minimizes the loss

> Alternating Projection Method: Successive projections between interference-null
space and unit-modulus space until convergence

@ANB#D b)ANB =0

First few iterations of the Alternating Projections Method. (a) Both sequences are converging to the point
x* € AN B.(b) Sequence x is converging to x* € A, and the sequence y, is converging to y* € B, where
[Ix* = y*[l2 = dist(A, B)

> Fix the solution (WEE) and repeat the same routine to solve for (FEE), (FRE) and
(WEE)

17/105
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Baseband Beamforming Solution

> The baseband beamformers are solved using Least Squares routine as

RF
WBS - WBS WBS (5) < = T

FBS = Fis'Fes (6) oo
a
Processing

WUE = WRFTWUE (7)

RF <
FEE = FoE Fue ®)

All-digital combiner

> To satisfy the transmit power constraint in (3), we normalize the digital precoders

+/Ns v/Ns

at BS and UE by a factor of W and [FREFEE],

> Note that Wgs, Fgs, Wyg and Fyg are the all-digital beamformers

> All-digital architecture achieves the best spectral efficiency, however, it
consumes a prohibitively large amount of power. NOT practical

> All-digital beamformers are derived to serve as a benchmark

»> The analog and baseband beamformers are coupled. Hence, an iterative routine

is carried out until convergence
18/105
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Complexity and Convergence
Algoritom 2 Tybrid Beamforaing Design Table 1: Complexity Analysis

1: function ANALOG(A, C, L)
2 Xge ¢ L Dominant left singular vectors of A

z ;’; ;—30 CC* (Interference null-space matrix) Beamformer Cost
5 repeat (ner loo for altemaing projctions) Wes, Fas O(N3e)
& X« PLXG
3
7 foric1:Mandj<1:Ldo Wouye, Fue O(Nge)
(n) (71+l) (n+1)
" d(fXRF)‘ (x ) N(EED),) WERE FEE | O (Minner(MUENZ + 2N3s NR2))
9: end for
RF ERF 2 2 _NUE
10: ﬁ1luc—n+1 WUE’ FUE O (Ninner(NBSNs + 2NUENRF ))
11: unt onvergence B RF)2 RF
12 return Xor € CMXL WEE, FE O(Ngs(Ngs)? + Ngg Nps Ns)
3: end functi BB BB RF\2 RF
13: end function WBE, FBE O(Nye(NEE)? + NEE Ny )
14 Input H,, Hy, H, and Hy; N
1s: Initialize FEE, F52, WEE, WEE and FRS Fal
16: Oblain Wi, Fiss, Wy and Fue from Algorithm I
17: Set k=0 b
18: repeat (Outer loop) 25 3
19 WEED s | 60 &
20 AuALoG(H..FRE““’FBB“” HFp ", NES) g L 2
2 WEERHD W eo (LS Solution) 2 ! 50 £
2: FR; GRS ERIN K
2 ANALOG(Hj Wt Wie® HrWht ) NES) =15 HL 403
S POSGED FkyﬁmnF Z T
25 Wg Flrd) Z , 30 E
e ANAL oo(H.,F';F"‘“ FEEGSD) g FRE) vUE) 3 R 2
27 WEE((’H»I) WRF k1) WLIE = \ 20 ;8
2% FRO 05F\ A w
29: ANALOG(H”W;F k+J)WBB(k+l) H, wRF(k+l) NUE) A . 10
0 FRERD R “”Fue 0 LTI haas 0
W kekt1 0 5 10 15 20 25 30

32: until Convergence Tnner Loop Iterations (Algorithm 2)
3 Normlize the digial precoders at BS and UE as
FE e, FUE < e Effect of the Inner Loop Iterations: C f Alternati
T 4 .

” remmWEE,WBE,FQQFES,W i FﬁEvF ect of the Inner Loop Iterations: Convergence of Alternating

Projections Method 19/105
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Bounds

> Singular Value Decomposition (SVD): Assuming no interference (ps = pjui = 0)
and neglecting hardware constraints, so that Wgs, Fgs, Wyg, Fyg are only
constrained to be semi-unitary matrices

Ne—1 Ne—1
Toouna = D log (1407 (M) SNR) + > log (14 07 (Ha)*SNR)  (9)
£=0 £=0

where o4(H) is the ¢-th singular value of X in descending order
> SVD with Waterfilling: With the optimum beamformers diagonalizing the channel
H € CM*Me and allocating power via waterfilling, the capacity bound equals
Npnin —1
in SNR Ap (H*H)\ 1+
=S [ (SR 201 o
22% N n

where Npin = min(Ng, Nr) > Ns, and the optimized power per ¢-th stream is
given by

1 N,
P;:[f ¢ £=0,..., Npin — 1, (1)

N
n SNR)\K(H*H)} '

Note that n must satisfy that 3, P; = Piotal, and Ag(X) is the £-th eigenvalue of
X in descending order and [x]* = max(0, x)
20/105



The University of Texas at Austin

Cockrell School of Engineering

Numerical Results

Table 2: Simulation Parameters (Narrowband)

Parameter Value

Carrier Frequency 28 GHz
Bandwidth (B) 1GHz
Number of BS Antennas (Ngs) 16, 32, 64, 128, 256, 512
Number of UE Antennas (Nyg) 4,8
Number of Spatial Streams (/Ns) 1,2

Number of RF Chains at BS (Ng2) | 1,2, 4, 8,16, 32, 64, 128
Number of RF Chains at UE (Ngg) 1,24
Number of Clusters (C) 6

Number of Rays per Cluster (R.) 8

AoA/AoD Angular Spread 20°
Transceivers Gap (d) 2\
Transceivers Incline (w) %

Rician Factor (k) 5dB
Average Receive S| Power (ps) 15, 30 dB
Average Receive [Ul Power (pjyi) 5dB

21/105
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Self-Interference, Spectral Efficiency and SINR

0 40 0
20 2 P iy 5

= — pos 5

0 1)
g g 2
o 40 20l 4 <
g g 2004 —o—Effective SI 108
g g woll! -4 Uplink SINR 5]
o & Ao, w
i ! <
= | g
o o Q
= 80 o o«
& & z
2 2 @
Z -100 E’ - £
g & - 5

-120
-140 6 -
0 20 40 60 80 100 120 140 0 5 10 15 20 25 30
Number of Antennas at BS Outer Loop Iterations (Algorithm 2)

(a) (b)
(a) Effect of the number of antennas on self-interference and uplink data rate. (b) Convergence of the proposed
algorithm measured in interference power and uplink signal-to-interference-plus-noise ratio (SINR)
> (Left) Degrees of freedom balanced between suppressing interference and
increasing data rate
> (Left) Increasing number of antennas from 4 to 128 reduces self-interference by
about 120 dB and doubles the data rate from 6.7 to 14 bits/s/Hz
> (Right) Fast convergence (3-5 iterations) in log-scale
> (Right) Reduces self-interference by 180 dB and increases SINR by 25 dB

22/105



The University of Texas at Austin

Cockrell School of Engineering

Spectral Efficiency

35

»

— — FD Waterfilling (16) —— FD Upper Bound
| —¢— FD Upper Bound (45) 16 | |=4= FD All-Digital BF Al
30 F|-4- FD All-Digital BF —¢—FD Hybrid BF (Inner Loop = 40) 4
—¢—FD Hybrid BF 14|~ FD Hybrid BF (lmner Loop = 10) v/
-0 HD All-Digital BF -0+ FD Hybrid BF (Iuner Loop = 5)
25-0- FD SVD All-Digital BF —o--FD Hybrid BF (Two-Step Constraints) 4
-4 HD Hybrid BF 12F

N
S
>

> @

Sum Spectral Efficiency (bits/s/Hz)

o

Uplink Spectral Efficiency (bits/s/Hz)

-20 -15 -10
SNR (dB)

-20 -15 -10
SNR (dB)
(a) (b)
(a) Sum uplink/downlink data rate vs. half-duplex. (b) uplink data rate vs. inner loop

> Gap with all-digital: reduction in RF chains + unit modulus constraint (steering
the beams only using the phase shifters; phased arrays)

» Our hybrid FD design outperforms the half-duplex (hybrid and all-digital)

> Previous approaches saturated by interference, since unit modulus violates the
interference suppression constraint

> Alternating projections (inner loop) minimizes the loss incurred by the two
concurrent constraints (unit-modulus and interference suppression)

23/105
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Outline

3. Multiuser MIMO (Contribution 4)
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System Model

AILDigital k-th Downiink User

Ful Duple Hybrd < —
A ' g
LNA.
Chain ADC
N RF
- Chain Y Y =
- RF e} =
g8 g b S ADC &
S i =
o £
g s i
& b < < g
3 < - 3
£ »J CR 3
g Z E °
s £ RF 1
E 3 < |
Ea— — Y 2 8
3 El RF
I w7 || s
- Y B <~
a5 LNA RF | =
= 5 Chain £
= i g
H 3% g
£ & £
8 g Y =
g LNA k)
a e} RF
© g T =
<wHE ]

AIDighal ueh Upli User
Hybrid analog/digital architecture of the full-duplex base station and the all-digital structure of the users

> Full-duplex base station simultaneously communicates with uplink and downlink
users in the same resource (time/frequency) block

> Uplink users are corrupted by loopback self-interference

Downlink users are vulnerable to inter-user interference from uplink users

> Partially connected array at the BS with quantized phase shifters

v

25/105
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Signal Model

> The u-th uplink received signal at the BS for subcarrier nis

RF
Yu,n WBS u, ~Wg *Hu,nfu nXu ”+WBS u, nWBS NBS,n

Desired Signal Filtered Noise

BB RF RF
+ WBS*u nW >kHSl FBSFBS nXBS,n +WBS u, nW ’ Z HU,"f'-""X'-'JT
uFu

Self-Interference (SI)
Multiuser Interference (MUI)

(12)
» The received signal at the k-th downlink user and at the n-th subcarrier is
U-1
RF (BB
Yien =Wk o HicnFBSFBE 4 XBS kein + Wi p O Hicounfu,nXu,n
u=0
Desired Signal
Inter-User Interference (1UI)
1
1 (13)
RF (BB
+wg Z Hi nFEsfEs k »XBS k,n T WK, 2NUE,n
k£k N——

Filtered Noise

Multiuser Interference (MUI)

> Objective: Design the four beamforming matrices (in burnt orange) at the BS 26/105
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Analog Beamforming
» The Sl level before the ADC is
Cst,n = WES"Hs1..FRSFBS
» The Sl level at the ¢-th RX RF chain at the BS is

[
Csl,e,n = WBS ZH(SI 3': FBS n

> Suppress wideband Sl at ¢-th RX RF chain at BS

wREx [ (€:)
WBs,¢ HSI,n1 F FBS nyy o HSI’"NFreq F FBS N frea

By
» Goal: minimize the gain of the Sl channel at the ¢-th RX RF chain

m|n ||WBs ZBZHF
BS L

st wgE, v/

=07

(14)

(15)

(16)

(17)

27/105
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Baseband Beamforming

> Goal: maximize the beamformed power and suppress the residual SI and MUI

Uu-1

u=0
u#u

U—1 MUI Nulls

BB RF RF+ T
wgs*, » | WBE*Hsi nFRSFBS ,, I:WBS Hu,nfu n] =wgs% ,Dun =0
—_—

K Residual SI Nulls

Du,n
(18)
» Subsequently, the optimization problem of the baseband combiner is
max |WBS u, nWRF*HUv"va"‘z
BS u,n
RF. BB 1
st [WREWEE , || = 1,vu, (1)

WBS w.nDun = o7, vu.
» Then the solution is given in two-steps
1. Matched filter & WBS wn = = WEE*H, nfu,» (Maximize beamformed power)
2. wpe,,= (I— DD} ) WBS , » (Suppress interference)
—_———

Interference Null-Space

3. Beamformers are coupled, then, iterative routine until convergence 5
28/105
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Numerical Results

Table 3: Simulation Parameters (Wideband)

Parameter Value
Carrier frequency 28 GHz
Bandwidth 500 MHz
Subcarrier spacing 120 kHz
Number of active subcarriers 3749
Number of antennas at BS sub-array 32
Number of antennas at user 8
Number of TX/RX RF chains 4
Number of uplink/downlink users 2
Phase shifter quantization bits 4
Downlink TX power 10 W
Power of RF chain 100 MW
Power of phase shifter 10 mW
Power amplifier 100 MW

Xianghao Yu, Juei-Chin Shen, Jun Zhang, and Khaled B. Letaief. Alternating Minimization Algorithms for Hybrid
Precoding in Millimeter Wave MIMO Systems. In: /EEE Journal of Selected Topics in Signal Processing 10.3 (2016), pp. 485~
500.
Carlos Baquero Barneto, Taneli Riihonen, Sahan Damith Liyanaarachchi, Mikko Heino, Nuria Gonzalez-Prelcic,
and Mikko Valkama. Beamformer Design and Optimization for Joint Communication and Full-Duplex Sensing at mm-
Waves. In: [EEE Transactions on Communications 70.12 (2022), pp. 8298-8312.
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Beam-Pattern

g
2 4
o0 ~
El ——BS TX Beam 1 ——BS TX Beam 1
g e | —— BS TX Beam 2 ——— BS TX Beam 2 ]
| — — Downlink UE 1 Location — — Downlink UE 1 Location
w0 ~ — Downlink UE 2 Location sol ||~ — Downlink UE 2 Location
: : Selt-lnterferers Locations o Self-Interferers Locations 1
o0 L . I | EEEEEr I . . 00 .
80 60 40 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
o] o]

(a) Line-of-Sight Self-Interference (b) Non-Line-of-Sight Self-Interference

Optimized effective TX Beampattern of BS

> Joint beamforming design simultaneously allows for

1. Maximizing beamformed power towards intended users
2. Suppressing multiuser interference and self-interference
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Self-Interference

Initial SI Isolation Baseband Combining + Digital Predistorter
£ ¥ RF Gombining + Gircuitry 4

RF Precoding
X
— LNA % BPF ADC Rx Bits Out
Ve
Channel Mixer

Tracking the interference levels across the entire BS transceiver blocks

> Multi-stage self-interference suppression: 10
1. From Initial to LNA: 80 dB reduction g S e
(50 dB) from RF precoding (FRE) ¢ p-—-rmmmm s Bl ADC
(30 dB) from RF isolation "
2. From LNA to ADC input: 70 dB reduction I
(50 dB) from RF combining (WEE)

(20 dB) from analog circuitry
3. Digital circuitry & beamforming: SI level )
maintained at —300 dB B we me @v me B omkom we me s

Effective Self-Interference (dB;

Self-interference suppression at multiple stages

PA: power amplifier, LNA: low noise amplifier, BPF: bandpass filter, LPF: lowpass filter,
VGA: variable gain amplifier, ADC: analog-to-digital converter
31/105
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Self-Interference

0
s —
g R
g 100
g
5 150
E|
= 200
e
°
g
3 20 —Nig =1
K —— Ny = 2
= 300 Before ADC Nieg =3
cfore Ny =4
E . . . . . . . N N 2 1 1 1 1 1
0 © 5 4 s 2 1 o
2775 278 2785 279 2795 28 2805 281 2815 282 2825 10° 10° 10 10 10° 10 10
Frequency f, (GHz) Variance of Self-Interference Channel Estimation Error €
(a) (b)

(a) Effect of the number of nulling subcarriers. (b) Effect of the self-interference channel estimation error

» Increasing the number of nulling subcarriers:
1. Analog beamformers become robust against Sl
2. Average Sl decreases
» Average Sl increases with the channel estimation error (additional source of
interference)
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Spectral Efficiency

> Previous approaches saturated by
interference, since unit modulus violates the
interference suppression constraint

> Minor gap with “RM", analog precoder FEE
solely designed to maximize the beamformed
vs. our approach (maximize beamformed
power + suppress SI)

25 T T T T T T '

——TFD Upper Bound

— — FD All-Digital

20 || —6— FD Hybrid (Prop.)
—A— FD Hybrid (RM)

~~ FD Hybrid (EBC)

«+0---FD Hybrid (KMPAL)

—a-- FD Hybrid (IHS)

-0+ FD Hybrid (ZPX)

> Gap with all-digital: reduction in RF chains +
unit modulus constraint (steering the beams
using only the phase shifters; phased arrays)

Uplink Effective Spectral Efficiency (bits/s/Hz)
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Energy Efficiency: Architectures & # RF Chains
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Digital
Processing

RF 1Q

(a) All-Digital

Phase Shifter

(b) Hybrid Fully-Connected

RO R R

(c) Hybrid Partially-Connected

025

vvyyvyysy

Energy effICIenCy = Power consumption

All-digital consumes hefty power
Hybrid has reduced # RF chains

Partially-connected is the best
energy-efficient architecture

Spectral efficiency

Downlink Effective Energy Efficiency (bits/Joule)

FD AllDigital
— — FD Hybrid (Fully-Connected, 3 PS bits)
——— FD Hybrid (Partially-Connected, 3 PS bits)

140
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4. Conclusion
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Conclusion

» Motivation: Providing low-latency, high data-rate cellular communications using
full duplex

> Problem: LNAs and ADCs saturated by interference

> Approach: Use degrees of freedom to suppress interference and achieve high
data rate
> Proposed Solution: Joint analog-digital beamforming design
1. Reduce large amount of interference in the analog domain to avoid the
LNAs and ADCs saturation
2. Allocate degrees of freedom between interference cancellation and spatial
multiplexing gain in a balanced way
> Takeaways: The proposed joint analog-digital beamforming design
1. increasing # BS antennas from 4 to 128: reduces the interference by 120 dB
and double the data rates from 6.7 to 14 bits/s/Hz
2. Fast convergence in 3-5 iterations: Achieves 180 dB reduction in
interference in analog domain and 25 dB increase in uplink SINR
3. Increasing # of nulling subcarriers increases robustness of analog
beamformers against SI
4. Increasing SNR increases the gain in data rate of full duplex vs. half duplex
systems
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Direction #1: Reconfigurable Intelligent Surfaces (RISs)

Reconfigurable intelligent surface (RIS)

BS 1o Vehicle
RIS o Vehicle
BSto RIS

Mobile device

(a) RIS-aided communication when the line-of-sight
path is blocked (b) RIS-assisted full-duplex systems

> (Left) RIS provides an alternative path when the line-of-sight path is blocked

> (Right) Deployed in a various uses cases such as V2X and unmanned aerial
vehicles to extend the coverage and improve the network scalability

» (Right) Assists in self-interference mitigation

> (Right) RIS-assisted calibration of base stations (of interest to test &
measurement companies)
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Direction #2: Integrated Sensing and Communication

RF
0
RF
chan
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E

RP;
L

RF
chan

(a) Integrated sensing and communication (b) With full-duplex hybrid beamforming

[ ]

> Leveraging Al and ML to enhance the performance of ISAC systems, including
adaptive beamforming, object detection, and predictive analytics

> Optimizing the use of the radio frequency spectrum to ensure that sensing and
communication tasks do not interfere with each other

> Designing waveforms and signal processing techniques optimized for full-duplex
operation to support high-quality communication and high-resolution sensing

46/105



The University of Texas at Austin

Cockrell School of Engineering

Direction #3: 5G/6G Enhanced ADAS (V2X)

>

>

-

Cellular BS coverage
RSU coverage

« — > Cellular- based V2X communications

4" DSRC-based V2X communications
Wired Internet connection

V2X communications in a hybrid dedicated short range communication (DSRC) and cellular architecture

Integration of machine learning for predictive modeling and intelligent-decision
making, thus enhance Advanced Driving Awareness Systems (ADAS)

Incorporate sensing and address interference between autonomous vehicles
Develop necessary theory, experiments and algorithms:

1.

2.
3.
4.

High data rate collaborative sensing among multiple vehicles
Robust and secure vehicle automation

Development of situational 5G/6G data rate map

Multi-antenna strategies for mmWave vehicular-to-infrastructure
communication aided by sub-7 GHz systems
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Cross-Division Duplexing (XDD)

Buss station
Coverage
extension
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TDD Coverage Extension through XDD
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Self-Interference Channel: Rician Model

> The aggregate Sl channel is

K 1
Hg =,/ ——H ——H 20
s ’/n—f—l |_os-|-w’€_~_1 NLos (20)
—_—  —

Near-Field Far-Field

TX Array

> The (q, p)-th entry of the LOS Sl leakage
matrix can be written as

1 in T
[Hioslgp = —e 27X 1) 12 e ¢  RXAmay
'pq

Full-Duplex Transceiver Arrays

rpg = \/(6 cos B+ (p—1)hscosa — (g — 1)h, )% + (5sin B+ (p — 1)hesina)®  (22)

50/105



The University of Texas at Austin

Cockrell School of Engineering

Self-Interference Channel: Empirical AT&T Model

(a) (b)

(a) 28 GHz Phased array measurement platform inside an anechoic chamber; receive array on left and transmit
array on right. (b) Coupling clusters comprising the coarse geometric model of the self-interference channel

The channel matrix produced by the k-th cluster is given by

Hk = Z Z al’X(GFX7 ¢rx)atx(9t><7¢tx)*

(th7¢tx)eD(k) (Orx,Prx) EDrx

tx

The resulting channel matrix comprising all the AVust isH = Zf@{m Hy Mo N
N Il 5= Hl e
lan P. Roberts, Aditya Chopra, Thomas Novlan, Sriram Vishwanath, and Jeffrey G. Andrews. Spatial and Statistical
Modeling of Multi-Panel Millimeter Wave Self-Interference. In: /EEE Journal on Selected Areas in Communications 41.9
(2023), pp. 2780-2795.
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What is Beamforming ?

J /
Digital > H i
Baseband i 1 y -
Processing R + -_

Digital oA 2
Beamfo ey S - \

One Beam at
atime

Beamforming

Digital RFChain 1 Spite . / Maltple
Baseband leams

With Less

Processing -
RF Chain S| RF Chains

Hybrid
Beamforming

Analog Phase  Sub Arrays
shift

1. Digital Beamforming: All signal processing in digital baseband
- Each antenna has its own dedicated RF chain
- Simultaneously synthesizes multiple beams to serve multiple users

2. Analog Beamforming: All signal processing in analog
- Has single RF chain and serves only one user at a time

3. Hybrid Beamforming: Signal processing split between analog and digital
- Reduced number of RF chains, fewer than number of antennas
- Serves multiple users
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System Model

Digital Analog | ¢ i | Anaiog Digital
Precoder i i Precoder @ i | Combiner i i Combiner
<] H
5o
s
2
=
k]
(7]
20
I
iy
Digital Analog § L i | Analog Digital
Combiner i i Combiner i | Precoder i i Precoder
t [oxc]
Full-Duplex Node 1 Full-Duplex Node 2

Hybrid analog/digital architecture of a point-to-point two-node FD system

» The received signal at node n transmitted from node m # nis given by

- WHBB*VV?F* Han,FvaFEBXm +W§B*W§F* H"nFﬁFFEBXn_i_WEB*W,FfF*nn

Desired Signal Self-Interference Signal Filtered Noise
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Beamforming

> We aim at minimizing the interference power while preserving the signal
dimension, i.e., preserve the rank of the effective channel

> For analog beamforming, we first relax the unit modulus constraint to preserve
the convexity of the problem and then introduce this constraint separately after
the convergence

> Solve for the analog beamformers solution using the Lagrange approach
» We define problem to design the analog combiner at node n

21 min Tr (WﬁF*RnwﬁF)
WRF

5.t WRFH, FRF — ol 24)
VV,',?F € Wgre

> where « is the power normalization factor and R, is the covariance of the
precoded Sl and noise

Ry = inraHun FREERFH: 4 (25)

> inr, is the average large-scale S| power
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Beamforming

The unconstrained analog beamformers are expressed by

~ ~ ~ ~ —1
WRF = oR>1H,,ERF (H,,mFiF*R;lHanff,F) (26)

~ ~ ~ ~ —1
FﬁF = Bs;lennWrst (WﬁF*Hmns;lH:ﬁmWr’zF) 27)

where S, = inr,Hz, WRFWRFsH 4| o = 1/, /Tr (WﬁF*\fvﬁF) and
B=1/,/Tr <I~:§F* ?§F> are the normalization power coefficients, respectively.

.

The beamforming solutions entailed by Theorem 1 are coupled. Hence, an iterative routine is
carried out until the convergence

.
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Spectral Efficiency and Self-Interference
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(left) Achieves about 45 dB reduction of Sl in the analog domain
(Left) Allocation of DoF between suppressing Sl and increase spectral efficiency
(Right) Outperform half-duplex (hybrid and all-digital)
(Right) Gap with upperbound and all-digital due to the limited number of RF

chains and unit-modulus constraint
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Energy Efficiency # RF Chains, # Antennas

60 4 58 18
258 35 = 16
g 56 3 3
Z 8 & sat "5
Z54 = a z
§ 250 g 123
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Number of RF Chains

Number of Antennas

> (Left) Increasing # RF chains improves the S| suppression, but decreases the
energy efficiency, since it consumes more power

> (Left) Low power ADCs achieve better energy efficiency

> (Right) increasing # antennas achieves higher Sl reduction as well as enhancing
the spectral efficiency
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Phase shifter resolution
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> oo phase shifter resolution achieves the best performance, however, it is not
feasible

> 4 bits resolution are sufficient to achieve good performance

> lower resolution bits affect the beamforming accuracy, and then degrade
performance
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Contribution #1: Point-to-Point Full Duplex Hybrid
Beamforming Systems

» Problem: Communication performance limited by loopback self-interference
> Approach: Use degrees of freedom to design hybrid analog-digital beamformers
to cancel self-interference
> Proposed Solution: Joint analog-digital beamforming design:
- Suppress large amount of interference in the analog domain to avoid the
LNAs and ADCs saturation
- Preserve the signal dimension (rank of the effective channel)
> Takeaways: The proposed solution achieves

- Converge in a few iterations (5-10)

- 45 dB reduction of Sl in analog domain

- 4 bits of phase shifter resolution are enough to achieve suffient SI
reduction and better spectral efficiency
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All-Digital Beamforming

> We aim at minimizing the interference power while preserving the signal
dimension, i.e., preserve the rank of the effective channel

> We define the first subproblem to design the combiner at the BS as follows

21+ min Tr (WEE*R; WRE
Wgs < > (28)

s.t. WI%S HuFue = aINBS
> Where R; is the covariance matrix of the precoded Sl and noise at BS defined by

R1 = psHsFBSFEsH: + UZINBS (29)

> Note that Ry is a positive definite matrix (Ry > 0)and v = 1/4/Tr (W5 Whas) is
a power normalization coefficient
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All-Digital Beamforming

> Similarly, we define the last three subproblems to design the beamformers as

yz :minTr (FESRZFBS)
Fes
s.t. WGEHdFBS = BINBS
23 : min Tr (W gR3WyE)
Wue
s.t. WGEHdFBS = ’YINBS
P4 :minTr (F{gRaFyg)
Fue

s.t. WESHUFUE = CINBS
where Rz, Rz and Ry are given by

Rz = psHI WesWigHs + 03sIngs
R3 = piwiHiiFueFoeHL: + odelvge

Ra = piuiHi WUeW{eHiui + o Inge

(30)

(31

(32)

(33)

(34)

(35)
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All-Digital Beamforming

The optimal combiners and precoders at the BS and UEs, solutions to the problems (28,30,31
and 32) are expressed by

—1 * *p—1 -1

WBS = aRl HuFUE (FUEHuRl HuFUE) (36)
—1py* * * —1py* -1

Fes = BR; "H3Wie (WoeHaRs "HiWue ) (37)
—1 * *p—1 -1

Wuye = 7R3 "HgFBs (FBSHd R3 HdFBS) (38)
—1 g% * * —1py* -1

Fue = CRy "HiWgs (WasHuRy 'HiWes ) (39)

.

The beamforming solutions entailed by Theorem 2 are coupled. Hence, an iterative routine is

carried out until the convergence

.
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Convergence

> The effective interference powers (objective functions) are given by

J1 = Tr (psWgsHsFesFgsHa Was) (40)
Jo = Tr (psFgsHa WesWgsHsFes) (41)
Tz = Tr (piiiW(eHiwiFue FOeHi Wue) (42)
Ja = Tr (piwiFGeH L WUueWgHiuiFuE) (43)

Table 4: Comparative Analysis of Beamforming Normalization Techniques

Metrics Every Iteration | After Convergence
Performance (Effective SI)
Computational Cost
Rate of Convergence
Convergence Stability

NP xS

x| NN >
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Convergence
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(a) Convergence of the objective functions defining the effective interference in linear scale with respect to the
number of iterations. (b) Illustration of the convergence of the sum objective function

tal = J1 + T2 + T3 + Ja, as well as, the uplink/downlink beamformed/effective channel power. (c)
Illustratlon of the monotonic decreasing of the SI power for Ra being with/without regularization. (d) lllustration of
the effect of beamforming normalization; at every iteration and after the convergence. The plot is produced with
Ngs = 64, Nyg = 8, SNR = 0dB, Sl power ps = 15 dB and IUl power p;,;; = 5dB
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Integrated Access and Backhaul (IAB)

Core Network

56\\.\msr19re,,ce

Fiber Backhaul

gNB Donor

i User Equipment

Full-duplex integrated access and backhaul (IAB) for a single-user case. The gNB donor, linked to the core network
by fiber backhaul, communicates with the IAB node through wireless backhaul. The user equipment is served by the

IAB node through the wireless access link. Simultaneous transmission and reception of the IAB node over the same
time/frequency resources blocks incurs loopback self-interference

» The uplink and downlink data are independent

> The backhaul link signal is corrupted by the self-interference
» The access link is interference-free
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Hybrid Analog/Digital Abstraction IAB

Loopback Self H,

Fie N | Fle

Cham

gNB Donor 1AB Node User Equipment

Basic abstraction of the hybrid analog/digital architecture of the full-duplex integrated access and backhaul system.
The backhaul channel is between the gNB donor and IAB node, and the access channel is between the IAB node and
the user equipment

The gNB donor communicates with the IAB node through the channel Hy

The IAB node communicates with the user equipment through the channel H,
Loopback self-interference is represented through the channel Hs

Hybrid beamformers at each node are expressed into an analog

Xge € CNxXNrF and digital Xgg € CVRF*Ns components

With Ny is the number of antennas at node X, Nrg is the number of RF chain
and Ns is the number of spatial streams

vyvyyvyy

v
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Signal Model

>

The received signal at the IAB (y, € CNs*1)is given by

¥b = vVPuWiagHbFeness + v/psWiagHsFiagsa + Wirgnias
N’

(44)
Desired Signal Self-Interference Signal AWGN
The received signal at the UE (ya € CNs*1)is given by
Ya = /paW(gHaFiaBsa + W{jenue
—_ —— (45)

Desired Signal AWGN

Where Wiag € CMaBxNs F \p € CMaB*Ns are the all-digital combiner and
precoder at the IAB node, respectively, and Wyg € CNMue*Ns and

Feng € CNensxNs gre the all-digital combiner and precoder at the UE and gNB
node, respectively

Pbs Pa and ps are the average transmit powers of backhaul, access and
self-interference, respectively

sp and s, are the complex data vectors transmitted through the backhaul and
access links, respectively
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Hybrid Beamforming

» The main objective is to maximize the sum spectral efficiency of the backhaul
and access links

> Propose a two-stage beamforming design: analog and digital.

v

Joint beamforming design to simultaneously

1. Reject the interference
2. Maintain a spatial multiplexing gain, i.e., preserve the rank of the effective
channel (Hege = W*HF)

Suppress large amount of Sl in analog domain to avoid the ADC saturation

vy

Residual interference is wiped out in the digital domain
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Hybrid Beamforming: Analog Stage

> We aim at minimizing the self-interference power. Equivalently, we define the
covariance matrix of the precoded Sl and noise at the IAB node as

Riag = PSHSF:_\’AFBFIRAFg He + UleIAB (46)

> In order to maintain the rank of the effective channel and minimize the SI power,
we reformulate the problem as

P71 min Tr (W&Fg RIABV\/lRAFB>
WRF
RIS (47)

s.t. WIAB HbF B:aINIIRAFB
> Equivalently, we define the covariance of the combined Sl and noise at the IAB
node as
Siag = psHIWiRgWike Hs + 0% lnjag (48)
> Relatively, the second problem can reformulated as
72 min Tr (FE SineFiia)
Fias (49)
s.t. WRETHLFR = Blyas

> Note that Rjag and S|ag are positive definite matrices and « and 3 are power

normalization coefficients
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Hybrid Beamforming: Analog Stage

> The optimal analog combiner and precoder at the IAB node, solutions to the
problems (47) and (49) are expressed by

-1
RF —1
WIAB = aRIABHngNB (FgNBH RIABHngNB) (50)

-1
Fife = BSiasHaWEE" (WEE HaS ;B HIWEE) (51

A

> Given that problems (47) and (49) are convex, we refer to Lagrange approach to
derive the closed-form solutions

0
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Hybrid Beamforming: Analog Stage

» The analog combiner at the UE that minimizes the Sl and hence the Mean Square
Error (MSE) is the Wiener filter or Linear Minimum (LMMSE) receiver Wymse. The
filter design problem can be defined as

Z3 :WMmMsE = ne,\i/"]]‘: [lIs — W*yli3] (52)

> For the analog precoder at the gNB, we adopt the Regularized Zero-Forcing filter
Fregzr- The expressions of the analog combiner and precoder at the UE and gNB,
respectively, are given by

N _
WEE = (H O e INUE> HaFiAe (53)
SNR,
RF Nia -t
FgNB = (HEWiRgWiAg Hp + — SNR, INag HEWiRG (54)

V.

»> The analog beamformers are coupled. Hence an iterative routine is required for
the convergence.
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Hybrid Beamforming: Digital Stage

> The optimal digital beamformer Xgg can be expressed in terms of the analog
beamformer Xgg as follows. We first apply the SVD Xrr = UrpSrrV &g Second we

express Xgg = VRrSrp Q«, where the columns of Q. € CM*N comprise the N
dominant left singular vectors of U A. Note that Xge € CM*L, Xgg € CH*N and
A e CMxN
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Convergence

> We define the effective self-interference as

J="1Tr (PSW&FQH FingFing He WIAB) (55)

~—&— Analog Cancellation
—e— Analog and Digital Cancellation
> Algorithm converges in a few iterations

> Analog beamforming drops the SI power from
128 to 16 to prevent the ADC saturation (8x)

Effective SI Power

> Digital beamforming drops the SI power from
16 t0 10.06 (1.5%)

o B 10 15 20

Iterations

Convergence of the cost function 7 defined in (55). The plot is
produced with SNR = 0 dB and Sl power ps = 15 dB
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Complexity Analysis

Table 5: Computational complexity of the hybrid beamforming algorithm.
Parameters values are selected from Table 6

Operation Complex Multiplications for Highest-Order Terms Flops | Domii Term Contribution (Total)
Wi | 3V MA® + INho + Moo Miao VR + 3 (NEF®)”+ B VR | aves | I3 51.61% (16.00%)
FRE 3N NEAB + N3 o+ NueNiasNSE + 1 (VIE)” + N2 VEE [19373 | 1N, 56.38% (16.06%)
FRs SN2 NER® + SNEs 13995 | $Ns 78.05% (16.06%)
whs 9 (VEAP)? Niag + INZNiag + N3 Ns + N2 4360 | NZpNs 46.97% (3.03%)
FiAb 9 (VI4B)? Miag + ON2ZNiag + N2yg N + N3 4360 | N2 Ns 46.97% (3.01%)
FEB, 9 (Ng'ﬁﬂ)z Ngns + ONZ Ngng + N2y N + N2 4360 | N2ygNs 46.97% (3.01%)
WEE 9 (NYE)” Nyg + ON2Nyg + N2 Ns + N3 328 | 9 (NYE)” Nue 43.90% (0.21%)
WEE SNZENSE + INGe 70 | INZNJE 69.23% (0.07%)
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Performance Measures

> The spectral efficiency for the backhaul and access links, respectively, are

T, = log det (l,\,, + pbw,*ABHngNBQb—lF;NBH;W.AB) (56)

Ta = logdet (In, + paW{eHaFias Qs *Fiag Hi WuE) (57)

> Where Qy is the covariance matrix of the Sl and noise power for the backhaul
link and Qs is the covariance matrix of the noise power for the access link,
respectively, given by

Qb = psWiagHsFiasFiagHiWiag + 0?WingWiaB (58)

Qa = 0®WiagWias (59)

> For the interference-free case, the optimal beamformers diagonalize the channel. By
applying the SVD on the channel, we retrieve the singular values and extract the first
Ns modes associated with the spatial streams. The upper bound for backhaul or
access link is given by

Ng—1

Toound = > log (1 + oy (H)? SNR) (60)
£=0
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Numerical Results

Table 6: System Parameters

Parameter Value
Carrier frequency 28 GHz
Bandwidth 850 MHz
Number of gNB/IAB Antennas (Ngng/Niag) 32
Number of UE Antennas (Nyg) 4
Number of Clusters (C) 6
Number of Rays per Cluster (Rc) 8
AoA/AoD Angular Spread 20°
Transceivers Gap (d) 2\
Transceivers Incline (w) %
Rician Factor (k) 5 dB
Sl Power (ps) 15 dB
Number of Spatial Streams (Ns) 2
Number of RF Chains (Ngrg) 2
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Numerical Analysis

35 -

L —a— Upper Bound
—e— AllDigital

[ —9 - Proposed

 —e—sw
—= — Work [Roberts2020Frequency]]
—+ ~ Half-Duplex

25 |-

20 -

| Dashed Line: Hybrid Beamforming

Sum Spectral Efficiency (bits/s/Hz)

Sum spectral efficiency results: Performance comparison between the proposed algorithm with the related works as
well as the benchmarking tools

> Proposed beamforming design still suffers from residual SI power
> Proposed design beats related work as well as the half-duplex mode

lan P. Roberts, Hardik B. Jain, and Sriram Vishwanath. Frequency-Selective Beamforming Cancellation Design for
Millimeter-Wave Full-Duplex. In: /EEE International Conference on Communications (ICC). 2020, pp. 1-6.
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Contribution #3: Integrated Access and Backhaul

1. Considered FD based integrated accecss and backhaul systems
- Full-digital beamformers
- Hybrid analog/digital beamformers
- Self-interference
2. Complexity Analysis
- Low computational cost
- Convergence in a few iterations
3. Designed full-digital and hybrid analog/digital beamformers
- Used degrees of freedom due to massive number of antennas
- Cancel the interference and maintain spatial multiplexing gain
4. Full duplex system outperforms half-duplex mode in sum spectral efficiency
- Gives evidence of feasibility of FD systems in the integrated access and
backhaul scenario
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Convergence

s/Hz)

100 50 28
s % %%
g ° 24 g
= AN [—— Tnitial ST Level Y-
k| o Before LNA =
] I | — — Before ADC (f, = 27.90 GHz) [ — = = Kl
-] | —— Before ADC (f, = 28.00 GHz) 20 £
7 150 —— After ADC / 2
£ / 182
£ a0 / g
£ / %
250 s
a0 -300 14§
I3 s w0 1 2 7 8 9 &

2 3 4 5 6 7 8 4 5
Number of Outer Iterations in Algorithm 2 Number of Iterations

lllustration of the global convergence of Algorithm 2 in terms of Sl suppression and sum spectral efficieny vs.

number of iterations. The considered system parameters are: 10 inner iterations in Algorithm 2, Nfreq =5,

K = U = 2,2 TX/RX RF chains at the BS and each sub-array is equipped with 32 antennas, while each user is

equipped with 8 antennas. (a) For the S| suppression evaluated before ADC, we consider two subcarriers;

f, = 28.00 GHzwheren € {ny, ..., NN, }and f, = 27.90 GHzwithn & {ny, ..., NN }. (b) Results are
req req

averaged over all the subcarriers, i.e., across the entire bandwidth

> Fast convergence in 1-2 iterations
> Optimization problem (cost function and constraints) are satisfied:
1. Effective Sl is reduced across the entire system block
2. Sum rate reaches the maximum leaving a lower gap with the upper bound
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Quantized Phase Shifter

10
FD Upper Bound 5 | —— FD Upper Bound|
9 FD All-Digital 2 £° | —— FD All-Digital
= 6}|— = FD Hybrid (Fully-Connected, o PS bits) 7 < — — FD Hybrid (Fully-Connected, oo PS bits)
£ °[|——FD Hybrid (Partially-Connected, o PS bits) Z- [ —— ——FD Hybrid (Partial
2 7|~ — FD Hybrid (Partially-Connected, 4 PS bits) 7 27 — — FD Hybrid (Par
& ~-=FD Hybrid (Partially-Connected, 3 PS bits) i €
26 FD Hybrid (Partially-Connected, 2 PS bits) 7 H e
E 5|0 FD Hybrid (Partially-Connected. 1 PS bit) [~ z N
&4 a4
£ £
g g
ER ER
- E ° o ° o
£ B
2 25 5 o 5 20 1 2 s 4 5 & 7 RN
Inter-User Interforence (dB)

20 15
SNR (dB)

lllustration of the per-user downlink effective spectral efficiency for different phases shifters resolution at the BS
and users. (a). Results are obtained with U = K = 2 users and an average |Ul of 5 dB while varying the average
SNR. (b). Results are achieved with U = K = 2 users and an average SNR of o dB while varying the average IUI.
Note that the BS is equipped with 2 TX/RX RF chains and each sub-array (for partially-connected structure) is
equipped with 64 antennas, while each user is equipped with 8 antennas. Note that the IUl is incurred by the uplink
users to corrupt the downlink users since the communications (uplink/downlink) occur at the same frequency band

> Performance degrades with lower # bits of phase shifter
» 4 bits are sufficient to achieve near oo resolution results
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Introduction

1. Multi-antenna systems reduce hefty power consumption by reducing
- Number of RF processing chains using hybrid analog/digital beamforming
- Data converter resolution

2. Solution for full-duplex multiantenna basestation with low-resolution converters

- Use degrees of freedom in the all-digital beamformer design due to
number of antennas to suppress interference

3. Contributions
- Provide unified framework for cellular reverse and forward links
- Derive signal to quantization plus interference plus noise ratio (sqinr)
- Quantify effects on outage probability and spectral efficiency due to

» Quantization error

Pilot contamination

Self-interference

Inter-user interference

Number of users

Overhead

VvVVYyVYVYY
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Description

-

H won

E S

10.

Network topology: Hexagonal, square and PPP tessellation.
Cellular systems (multicell and multiuser)
BSs and UEs operate in FD and Half-Duplex (HD), respectively.

Massive number of antennas N, > 1 at the BS and UEs are equipped with a
single antenna

BSs operate in low-resolution ADC/DAC

Additive Quantization Noise Model (AQNM): yq = ay +q
Large-scale fading: Pathloss and Lognormal shadowing
Small-scale fading: Rayleigh and geometric channel models
Matched filter precoder/receiver at the BS

CSl acquisition: LMMSE channel estimation and channel hardening
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Visual Abstract
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Description

08S

EA

° ° ° e °
. . .

° ° ° B °

(a) Square grid. (b) Hexagonal lattice. (c) Poisson Point Process (PPP) tessellation

Elyes Balti and Brian L. Evans. A Unified Framework for Full-Duplex Massive MIMO Cellular Networks With Low
Resolution Data Converters. In: /EEE Open Journal of the Communications Society 4 (2023), pp. 1-28.

Elyes Balti and Brian L. Evans. Full-Duplex Massive MIMO Cellular Networks with Low Resolution ADC/DAC. In:
IEEE Global Communications Conference (GLOBECOM). 2022, pp. 1649-1654.

Elyes Balti and Brian L. Evans. Reverse Link Analysis for Full-Duplex Cellular Networks with Low Resolution
ADC/DAC. In: 2022 IEEE Int. Workshop Signal Process. Adv. Wirel. Commun. (SPAWC). 2022, pp. 1-5.

Elyes Balti and Brian L. Evans. Forward Link Analysis for Full-Duplex Cellular Networks with Low Resolution

ADC/DAC. In: 2022 IEEE Int. Workshop Signal Process. Adv. Wirel. Commun. (SPAWC). 2022, pp. 1-5.
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Model

> Large-Scale Fading: Pathloss and Lognormal Shadowing
Lr f

Ge(1) = Z7— Xe,(1.K) (61
Te,1,%)
> Small-Scale Fading: Rayleigh
» Low-resolution data converters and AQNM

Ya=ay+q (62)
> For b <5, p=1— «avaluesis given by Table 7

Table 7: p for different values of b

b 1 2 3 4 5
p | 0.3634 | 0.1175 | 0.03454 | 0.009497 | 0.002499

> Otherwise, p can be approximated by

™3 .o—2b
2
p is the inverse of the signal-to-quantization noise ratio

PR (63)

Li Fan, Shi Jin, Chao-Kai Wen, and Haixia Zhang. Uplink Achievable Rate for Massive MIMO Systems With Low-
Resolution ADC. In: /EEE Commun. Let. 19.12 (2015), pp. 2186-2189.
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Signal Model

> The received signal of the k-th uplink user at the BS is given by

Yak = cu/ Gk PkE[wihi]sk + oy Z V GPcwihesc+  agwiv
——

k#k
Desired Signal Filtered Noise

Intra-Cell Interference

Aggregate Self-Interference

K9—1
@/ P (wihi —Elwih])sc+ auagV/Psi Yy wiHsifis{ + (g
k=0

Channel Estimation Error

Self-Interference due to Full-Duplexing

KY—1
auy/PswiHs1qg + wiq, +au > . > \/GeiPriwihesex
040 k=0

Aggregate AQNM

Inter-Cell Interference
> The matched filter receiver wiF satisfies the following properties:
1 E[|w)FIP] = Na
2. E[|wiF|*] = N2 + N,

2
3. E[|[wi'®heil?] = N
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Uplink SQINR

The output SQINR of the k-th uplink user is given by

26, Py |[E[wMF* k]|
sqinrkMF: Fuk kurﬂlé k” (65)
den

u

—MF .
where den,, " is given by

] 2 2
deny = a2GPrvarlwl ™ ] + 02 > GPE U"’yF*h"’ } +ajo’E [HWWH ]

Ktk

Kg—1 . Kd_1 ,

+O‘52 Z G kPe UWI(MF*hZ,k’ } + a2a2Ps Z E UWZ"F*HSM,';"F‘ }
140 k=0 pard

+a?PgE ka *Hs|qd‘ ] +E UWMF*

]

(66)
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Special Cases

To further characterize the spectral efficiency, we derive a new bound using the following
formula. Assuming statistical independence between x and y, we have

E [Iog (1 + ;)} =~ Jog (1 + %)

.

Proposition

Considering a single-cell multiuser system (without any inter-cell interference) with perfect
CSl, Corollary (above) entails the results for reverse link in®

9 Jianxin Dai, Juan Liu, Jiangzhou Wang, Junxi Zhao, Chonghu Cheng, and Jin-Yuan Wang. Achievable Rates for Full-
Duplex Massive MIMO Systems With Low-Resolution ADCs/DACs. In: /EEE Access 7 (2019), pp. 24343-24353.

.
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Signal Model

> The received signal of the k-th downlink user is given by

[GPe . G P
Yo =aq I‘;I “Elhpfilsk+ gy 5 (hify — E[hifi]) sc

Desired Signal

Channel Estimation Error (Self-Interference)

+Oldz Gy P, kh*fk5k+zz Gkazkh*kqur Z /Trpekgkksku
¢

ktk ketk

Intra-Cell Interference Aggregate AQNM Same Cell Inter-User Interference

Kg—1 Ki—1
Gy, kPZ X
fag Yy > h s+ Y/ T, P & (0.k), k50 k,u + e
40 k=0 40 k=0 o~

Inter-Cell Interference Other Cells Inter-User Interference

(67)
» The matched filter precoder f,'l’”: satisfies the following properties:
E [IFVF)12] = n
2 E[JIFF)4] = N2 + N
2
3. E Uh;,kfi"':‘ ] =N,
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Downlink SQINR

The output SQINR of the k-th downlink user is given by

2 G Py « eMF] 2
o2 &Pe | [hy £ ’
sqinrkMF = Na ‘ [ ] (68)

——MF
deny

where EZA Fis given by (69).

ﬁzﬂFfagG;Ikaa[ ]+ dZGkPk [

hm"Fﬂ + 3 Tk PLE [l
a ktk Na

k£k

KY—1
2 £ 2
ku‘ } DD TuwkPiE [‘g(e,k),k‘ ]

(#0 k=0

G P,
+%ZZ GekPriy [

L#0 k=0

Go,kPe k
+>
e

* 2 2
hz,qu’ +o

a

(69)
.
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Special Cases

Proposition
Considering a single-cell multiuser system (without any inter-cell interference) with perfect
CSl, Corollary (in reverse link section) entails the results for downlink users in®

9 Jianxin Dai, Juan Liu, Jiangzhou Wang, Junxi Zhao, Chonghu Cheng, and Jin-Yuan Wang. Achievable Rates for Full-
Duplex Massive MIMO Systems With Low-Resolution ADCs/DACs. In: /EEE Access 7 (2019), pp. 24343-24353.

Proposition

For channel hardening without full-duplexing (hence no co-channel interference between
users) and with full-resolution ADC/DACs, we retrieve the results derived for downlink users
in multicell massive MIMO systems in®

? Geordie George, Angel Lozano, and Martin Haenggi. Massive MIMO Forward Link Analysis for Cellular Networks.
In: IEEE Transactions on Wireless Communications 18.6 (June 2019), pp. 2964-2976.
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Effects of Data Converters Resolution

For a fixed power budget, fixed number of transmit antennas and full-resolution (b — oo,
ay = ag = 1), the spectral efficiencies for reverse and forward links converge to

v Gy P, N,
kK (70)

7
k
— —log | 1+
B < ZZ Zk GZ,kPE,k + PSI,U§|KdNa +0’2)

I Gkl > (71)

7
k
— —log |1+
B < D0 2ok Ge Pk + 220 ok Tepy k Py o + 02

> With fixed number of antennas, the spectral efficiency is constant
> Through increasing ADC/DAC resolution to enhance the performance, the

spectral efficiency is limited
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Effects of Transmit Power

For a fixed number of antennas, fixed b and when Psy = P9 = P" — oo, the spectral
efficiency converges to

v uGiNa
Ek — log (1 Qu Bk > (72)

+
ZZ Zk Gg’k + (1 — Otu)Gk + adNaN§| [1 =+ auad(Kd — 1)]

_g 043 Gk

— —log |1+ 5 5 7

B Q23 Dk Gow A+ 220 Dok Ty ki + @a(1 — ag) 30, Gen(KE +1)
(73)}

> The spectral efficiency depends on the number of antennas and quantization bits

> Uplink and downlink spectral efficiencies are saturated by a ceiling caused by SI,
IUl powers and quantization error, respectively
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Power Scaling Laws

If the transmit powers of the BS and each user is scaled with the number of antennas N, i.e.,
P = N£ where E is fixed, as Na — oo, the spectral efficiency converges to

Tu a, GE
k u Yk Ek
B & < agpd Esi [14 avag(K9 —1)] + 02>

7d 2 GLE
Tk log (14 SdZkZK (75)
B o2

> More antennas can eliminate intra-cell and inter-cell interference for uplink
scenario

> More antennas can eliminate the inter-user interference caused by
full-duplexing for downlink scenario

» The number of quantization bits determines the approximate uplink and
downlink spectral efficiencies when the number of the antennas at a FD BS, N,,
goes to infinity
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Performance Measures

> The effective spectral efficiency of the k-th uplink UE is given by

Zeff
k H —
5 —Iog(l—i-sqmrk),k—O,...,K—l

> Once a transmission strategy is specified, the corresponding cumulative
distribution function (CDF) or outage probability for rate R (bit/s/Hz) is then

Pout(SNR, R) = P[Z(SNR) < R]
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Numerical Analysis
Table 8: System Parameters

Parameter Symbol Default Value
Bandwidth (LTE) B 20 MHz
Base station antenna gain 30dB
Fraction of pilot overhead B .
Distance between adjacent hexagonal cells V3 km
Fractional frequency reuse A 1
Length of cell side Deenl 1km
Pathloss exponent n 4
Pathloss offset -128 dB
Number of forward/reverse link users per cell Ky 10

BS density ABs 0.1BS/km?
UE density AUE 0.5 UE/km?
Number of antennas N, 100
Number of fading coherence tiles Ne 20,000 (Pedestrians)
Number of pilots per cell Np 3K,
Noise figure 3dB
Forward link transmit power 40 W

Sl channel power psi 10 dB

Sl power Ps; 40 W
Reverse link transmit power 200 mW
Shadowing 4B 8dB
Thermal noise spectral density 174 dBm/Hz
Reverse fractional power control 9

Forward power allocation 9 0.0 (unlform)
Carrier frequency (mmWave) 8 GH!
Bandwidth (mmWave) 850 MHz
Number of clusters C 6
Number of rays per cluster R 8
AoA/AoD angular spread 20°
Transceivers gap d 2
Transceivers incline w K
Rician factor K 5dB

> For hexagonal grid, we consider a two-tier network, i.e., 19 cells
> For square grid, we consider 25 cells
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Cumulative Distribution Function (Forward Link SQINR)

1 ir
| = PPP (Prop.7) | == Hexagonal (2 Tiers) Prop. 6 [42]
— i — i Quantization
sl Hexagonal. Lattice s b Hexagonal (1 Tier) | Error > 2 dB
Square Grid

0.6 ~ Low Resolution

L LL with Inter-User
=) L [m) F Interference
O o
0.4 04
L Na _ L = Prop. 5[29]
K, 10 PPP ©  Corollary 3
02 b 02 - / (Single Cell)
L / // Low Resolution without
A Inter-User Interference
0 I . ] ° P ittt Mherataid el
—10 —5 o 5 10 15 —10 —5 o 5 10 15 20 25
—MF i MF
sir - (dB) sqinr (dB)

> (Left) Gap between Hexagonal, square and PPP is less than 2 dB

> (Left) If the shadowing and # cells increase, the gap shrinks as the simulation
curves converge to their analytical counterparts

> (Right) PPP exceeds Hexagonal, except for a small range of 5 — 8 dB
> (Right) Inter-user interference degrades the performance
> (Right) 2 dB loss incurred by the quantization noise
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Spectral Efficiency and CDF

Spectral Efficiency (bits/s/Hz/cell)

vy

| —— 1 Frequency Band
F Exact (Self-Interference Free) osl T 2 Frequency Bands
’ —— 3 Frequency Bands
oo r —— 4 Frequency Bands
L ] LQL
— Exact _
5 @ Corollary S(PS' =10w) O
i !
5 / ~—— Exact
Ps; = 40 W
L —=— Lemma 3 (P )
PPP Tessellation . ]
4 Il L Il L Il L Il L J 10
2 4 6 8 10
- . ——MF
Number of Quantization Bits (b) sqinr (dB)

(a) Reverse link. (b) Forward link
(Left) SI power degrades the performance
(Left) 4 quantization bits achieves the full-resolution results

(Right) Increasing # bands improve the CDF as it decreases the interference,
however, it degrades the spectral efficiency
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Contribution #5: Multiuser Massive MIMO Full Duplex
Hybrid Beamforming Cellular Networks

> Problem: Design full-duplex systems for cellular networks in practical scenarios

> Approach: Quantify effects of self-interference and a wide range of other
impairments on communication performance

> Proposed Solution: Develop unified framework for analysis of effects of network
irregularities on communication performance in sub-6 GHz and mmWave bands
- Hardware impairments such as quantization noise
- Pilot contamination
- Self-, inter-user, and inter-cell interference
- Reverse and forward links
- Power scaling laws, asymptotic analysis and special cases

> Takeaways:
- Reverse link: 4 quantization bits achieve full-resolution results
- Forward link: Power scaling laws show using more antennas can eliminate
inter-user, inter-cell & intra-cell interference, pilot contamination, noise.
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