
Real-Time Digital Twin Assisted Communications

1

 Ahmed Alkhateeb

Wireless Intelligence Lab
School of Electrical, Computer, and Energy Engineering

Arizona State University

Joint work with my students:
Gouranga Charan, Umut Demirhan, Yu Zhang, Abdelrahman Taha, Shuaifeng Jiang, Joao Morais, 

Tawfik Osman, Shoaib Imran, Hao Luo, Nikhil Srinivas

This work was supported in part by NSF (Grant No.1923676 and No. 2048021) and 
by Qualcomm, Samsung, Meta, and Remcom



The use of large antenna arrays 
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Key trends in wireless communications
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Fig. 1. This figure illustrates the system model where the transmitter-receiver
communication is assisted by a large intelligent surface (LIS). The LIS is
interacting with the incident signal through an interaction matrix  .

A. System Model

Consider a communication system where a transmitter is
communicating with a receiver, and this communication is
aided by a large intelligent surface (LIS), as depicted in
Fig. 1. These transmitters/receivers can represent either base
stations or user equipment. Let the LIS be equipped with M

reconfigurable elements, and assume that both the transmitter
and receiver have a single-antenna. It is worth noting here that
such an assumption is only adopted for simplicity of exposition
and the proposed solutions and the results in this paper can
be readily extended to multi-antenna transceivers. To put that
description in formal terms, we adopt an OFDM-based system
with K subcarriers. We define hTR,k 2 C as the direct channel
between the transmitter and receiver at the k

th subcarrier;
hT,k,hR,k 2 CM⇥1 as the M ⇥ 1 uplink channels from the
transmitter and receiver to the LIS at the k

th subcarrier; and by
reciprocity, hT

T,k
,hT

R,k
as the downlink channels. The received

signal at the receiver side could be expressed as

yk = hT

R,k
 khT,ksk| {z }

LIS-assisted link

+hTR,ksk| {z }
Direct link

+nk, (1)

where the matrix  k 2 CM⇥M , that we call the LIS
interaction matrix, characterizes the interaction of the LIS
with the incident (impinging) signal from the transmitter. sk
represents the transmitted signal over the k

th subcarrier, and
satisfies the per-subcarrier power constraint E[|sk|2] = PT

K
,

with PT being the total transmit power. The receive noise is
denoted by nk ⇠ NC(0,�2

n
).

The overall objective of the LIS is then to interact with the
incident signal (via adjusting  k) in a way that optimizes a
certain performance metric such as the system achievable rate
or the network coverage. To simplify the design and analysis of
the algorithms in this paper, we will focus on the case where
the direct link does not exist. This represents the scenarios
where the direct link is either blocked or has negligible receive
power compared to that received through the LIS-assisted link.

With this assumption, the receive signal can be expressed as

yk = hT

R,k
 khT,ksk + nk, (2)

(a)

= (hR,k � hT,k)
T  

k
sk + nk, (3)

where (a) follows from the diagonal structure of the interaction
matrix  k, whose diagonal entries could be stacked in a
vector  

k
2 CM⇥1 such that  k = diag ( 

k
). This diagonal

structure results from the LIS operation where every element
m,m 2 {1, 2, . . . ,M}, reflects only its incident signal after
multiplying it with an interaction factor [ 

k
]
m

. Now, we
make two important notes on these interaction vectors. First,
while the interaction factors, [ 

k
]
m
, 8m, k, can generally have

different magnitudes (amplifying/attenuation gains), it is more
practical to assume that the LIS elements are implemented
using only phase shifters. Second, since the implementation
of the phase shifters is done in the analog domain (using RF
circuits), the same phase shift will be applied to the signals
on all subcarriers, i.e.,  

k
=  , 8k. Accounting for these

practical considerations, we assume that every interaction
factor is just a phase shifter, i.e., [ ]

m
= e

j�m . Further, we
will call the interaction vector  in this case the reflection
beamforming vector.

B. Channel Model
In this paper, we adopt a wideband geometric channel model

for the channels hT,k,hR,k between the transmitter/receiver
and the LIS [22], [23], [25]. Consider an uplink transmitter-
LIS channel, hT,k 2 CM⇥1, consisting of L clusters, each
of which (i.e., `

th cluster) contributes a single ray with
a time delay ⌧` 2 R; azimuth/elevation angles of arrival,
�` 2 [0, 2⇡), ✓` 2 [0,⇡); an uplink path loss ⇢T; a complex
coefficient ↵` 2 C. Let p (⌧) denotes the pulse shaping
function for TS-spaced signaling evaluated at ⌧ seconds. Let
the array response vector of the LIS at the angles of arrival,
�`, ✓`, be defined as a(�`, ✓`) 2 CM⇥1. The delay-d channel
vector, hT,d 2 CM⇥1, between the transmitter and the LIS
can then be formulated as

hT,d =

s
M

⇢T

LX

`=1

↵` p(dTS � ⌧`) a (✓`,�`) , (4)

Given this delay-d channel, the channel vector at subcarrier
k, hT,k, can be defined in the frequency domain as

hT,k =
D�1X

d=0

hT,d e
�j

2⇡k
K d

. (5)

where D is the channel tap length. The downlink LIS-receiver
channel hR,k can be defined similarly. The channel vectors,
{hT,k}Kk=1

and {hR,k}Kk=1
, are assumed constant within the

period of one coherence time, TC , which mainly depends on
the dynamics of the environment and the user mobility. It is
worth noting that the number of channel paths L depends
highly on the operational frequency band and the propagation
environment. For example, mmWave channels normally con-
sist of a small number of channel paths, ⇠3-5 paths, [26]–[28],
while sub-6 GHz signal propagation generally experiences
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These trends are mainly mo0vated by achieving higher data rates

But this leads to other challenges for mobility, reliability, latency, and energy efficiency





4

Current technology advances lead to real-time digital twins!

[Alk’23] A. Alkhateeb, S. Jiang, G. Charan, “Real-Time Digital Twins: Vision and Research Directions for 6G and Beyond,” IEEE Comm Magazine, 2023



5

Different sensing/communication coordination levels

[Alk’23] A. Alkhateeb, S. Jiang, G. Charan, “Real-Time Digital Twins: Vision and Research Directions for 6G and Beyond,” IEEE Comm Magazine, 2023
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Several interesting applications!

[Alk’23] A. Alkhateeb, S. Jiang, G. Charan, “Real-Time Digital Twins: Vision and Research Directions for 6G and Beyond,” IEEE Comm Magazine, 2023
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