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Abstract—Due to variations in node mobility or differences in
the scattering environment, wireless links in multi-user systems
often experience non-identical coherence intervals; this is true
also in systems assisted by reconfigurable intelligent surfaces
(RIS). This paper studies RIS-assisted multi-user downlink sys-
tems under link coherence disparity. Since the RIS channel model
has many parameters to be estimated, controlling the training
overhead under coherence disparity has a strong impact on the
practical operation of RIS. Thus motivated, we propose a novel
pilot-domain non-orthogonal multiple access (NOMA) technique
for RIS-assisted downlink systems. The transmit beamforming
and RIS reflection coefficient vectors are jointly designed to max-
imize the achieved sum-rate. We analyze the resulting reduction
in training overhead and the corresponding rate improvements.
We investigate efficient pilot placement strategies for multi-user
scenarios with arbitrary coherence intervals. Numerical results
illustrate the effectiveness of the proposed technique.

Index Terms—Reconfigurable intelligent surfaces, non-
orthogonal multiple access, product superposition, coherence
disparity, multi-user downlink, channel state feedback.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RIS) are widely consid-
ered to be a promising direction for the future of wireless com-
munication systems. The effectiveness of RIS-assisted com-
munication systems is critically dependent on the availability
of channel state information (CSI). However, the number of
channel parameters in the RIS-assisted channel path grows
linearly with not only the number of transmit and receive
antennas, but also the number of RIS reflectors [1]-[14]. As
a result, the channel parameters in the presence of a typical
RIS are often much more numerous than otherwise. Therefore,
channel training and estimation in RIS systems is challenging,
and the management of training overhead has been an ac-
knowledged area of important research [15]. Several methods
have been proposed for reducing channel training overhead
in RIS, including element grouping [16]-[18], infrequent up-
dates [19]-[21], and opportunistic methods [22], [23], among
others. In this paper, we explore a new method for reducing
pilot overhead in RIS-aided downlink transmission when the
different links have non-identical coherence intervals. This is a
condition that often occurs in practice due to different mobile
velocities or different reflectors in their vicinity, therefore the
proposed technique is highly relevant to the practice of mobile
communication.
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For downlink channel estimation, all receivers are served
by the same pilots, thus pilot time slots and pilot power
are identical for all users [24], [25]. This remains true even
though the coherence time of different links may be non-
identical. Since the channel state for some links varies more
rapidly (shorter coherence times) than for some other links,
the pilot sequence that is geared toward some links may be
either inadequate or excessive for other links. Efficiency can
be restored if the users employ different pilot duty cycles,
but then the temporal orthogonality of pilots and data must
be relinquished. We propose a pilot-domain non-orthogonal
multiple access (NOMA) strategy, which allows simultaneous
pilot and data transmission for different users during pilot
slots. The method leverages product superposition [26]-[34],
a technique initially developed for MIMO downlink systems
in the absence of RIS. It enables faster users to be trained
as often as needed, while at the same time the slower users
can be trained no more than they need, even though all users
are being trained using the same downlink pilots. The slower
users reuse some pilot slots for data transmission via a non-
orthogonal scheme, with little or no contamination of the pilots
for the fast users.

In the literature, integrating RIS and NOMA primarily refers
to conventional NOMA, i.e., power-domain NOMA, which is
typically implemented using transmit-side superposition cod-
ing and receiver-side successive interference cancellation [35]-
[51]. While this integration can yield gains, particularly in
spectral efficiency, it does not address the unequal need for
pilots among different users in the downlink, a common
occurrence in practical wireless networks. The proposed pilot-
domain NOMA in this work is not an alternative to conven-
tional power-domain NOMA, as the two operate on parallel
tracks: one over pilot slots and the other over data slots. They
do not replace each other; they can be combined, and their
benefits are cumulative.

Focusing on pilot/data non-orthogonal signaling, there are
few available alternatives in the absence of RIS, where pi-
lots and data are superimposed additively. The concept of
co-timing pilots and data has been used in the context of
synchronization [52]-[55]. There are some works on chan-
nel estimation for orthogonal time frequency space (OTES)
systems [56]-[59], and for uplink massive MIMO [60], [61],
where users transmit pilot symbols at reduced power alongside
the data throughout the coherence block. Our work avoids
two major weaknesses of the previous models/approaches in
additive superposition data/pilot non-orthogonal transmission.
First, the data and pilot were previously superimposed without
attention to the unequal need of users for pilots. Without
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this differentiation, the broader mixing of data and pilots
in the previous examples lacked the solid foundational basis
that underlies our work. Second, under additive superposition
as used in previous works, data will act as noise on the
pilots. In comparison, under our method, for the purposes of
channel estimation via the pilot, any superimposed data will
“disappear” by merging into an equivalent/virtual channel link
gain, and will not act as noise for the pilot estimation process.
This is one of the key aspects that separates the proposed
scheme from other techniques and makes it more promising.

RIS-induced channel coefficients need to be estimated at
the receiver for coherent communication and shared with
the transmitter to design beamforming and RIS reflection
coefficient vectors. We investigate the channel estimation at the
receivers using either ordinary or superposition pilots passively
reflected by the RIS elements, and then return the channel
estimates to the transmitter via an imperfect feedback link.
In our proposed signaling, some pilot slots dedicated to fast-
fading links also transmit data for users experiencing slower
links. Each user must receive and process at least one pilot (per
transmit antenna) per fading coherence interval. We introduce
an efficient pilot placement strategy that further determines
which pilot slots are reused for the data of a given user.
We design a joint beamforming and RIS precoding scheme
that maximizes the achievable sum-rate through the proposed
transmission scheme under imperfect CSI feedback.

The main contributions of this work are as follows:

e« We propose a non-orthogonal pilot/data transmission
scheme for RIS-assisted downlink SISO (single-input
single-output) systems under coherence disparity, reduc-
ing the training overhead and achieving gain in both
degrees of freedom and rate. This scheme introduces
an efficient pilot placement strategy and establishes a
foundation for utilizing product superposition in RIS
systems. The allocated powers for the pilot and data are
optimized under this setting.

o We extend the proposed pilot-domain NOMA to multi-
antenna transmissions in multi-user RIS systems under
general coherence disparities. The technical novelty lies
in reconciling the distinct requirements of beamforming
(from both the transmitter and RIS) with the proposed
non-orthogonal transmission scheme (via product super-
position) under unequal coherence conditions and imper-
fect channel state feedback. This is an important outcome
because exploiting the efficiencies outlined in this paper
also requires the handling of a mismatch in CSI between
the transmitter and receiver.

o We jointly optimize transmit beamforming and the RIS
reflection coefficients to maximize the achievable sum-
rate via the proposed transmission scheme.

A preliminary version of this work [62] was limited to
single-antenna transmitters.

II. NOTATION AND SYSTEM MODEL

Matrices and vectors are denoted by bold capital letters and
bold small letters, respectively. For a matrix A, the transpose
is denoted by A7, the Hermitian by A¥, the conjugate by A*.

Statistical expectation is denoted by E(-). diag (a) denotes a
diagonal matrix whose entries are the elements of the vector
a. vec(-) concatenates the columns of a p x ¢ matrix into a
vector of size pq. Re{-} denotes the real part of the argument.
® denotes the Kronecker product, © denotes the element-wise
product, and the least common multiple of integers is denoted
by lem(, ). The base of the logarithm throughout the paper
is 2.

We consider an M -antenna transmitter serving L single-
antenna receivers. This communication is assisted by a RIS
with N passive elements (see Fig. 1). H € CN*M s the
channel matrix between the transmitter and the RIS; g, €
CN*! and hgy € CM*1 are the channel vectors from the
RIS and the transmitter to User ¢, respectively. All channel
matrices and vectors have independent identically distributed
(i.i.d.) entries CA(0,1). The system operates under block-
fading, where H, g, and hy ¢, remain constant over 7', T, and
T, symbols, respectively, and change independently across
blocks. Let ® = diag(f,62, - ,0y) denote the complex-
valued RIS reflection coefficient matrix with |6;| < 1. The
received signal at User ¢ is

6:13"'7-[13 (D

where ny is additive noise distributed CN(0,03), and x is the
transmit signal which is subject to the average power constraint
E[||x]||?] < p at each time slot.

The transmit signal is

L
X = § WSg,
=1

where w, € CM*! is the beamforming vector for User ¢ that
is determined at the transmitter through CSI feedback. s; is
the data symbol intended for User ¢ satisfying E[|s,|?] = 1.

Let H., = H”diag(g,) and 8 £ [0; - - - 0|7 respectively
denote the cascaded channel' for User ¢ and the N x 1 RIS
reflection coefficient vector. The received signal in (1) can be
re-written as

Yo = (hg,z + geT@H)XJrW,

ye = (b}, +60"HL )x +n,
= XT(hd’g + Hc’g 0) + ny.
For compact notation, we define the end-to-end channels:

H; 2 [hy, He ]

2

and further, for convenience, we produce a vectorized version
h, £ vec(H;) and @ = [1 6, ---0x]T. Then, the received
signal in (2) is alternatively expressed as
yo=xTH, 0 +ny
= (9 XK x ) hy + ny
24T hy + ny,

3)

wherein u 2 6 ® x represents a vector that contains the
transmit vector as well as the RIS reflection coefficients.

The true values of the channel gains H, are not known a-
priori at either the receivers or the transmitter. The values of

! Also known as product channel
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RIS

Fig. 1. Channel model

channel gains estimated at the receiver are H,, and the channel
gains estimated at the transmitter (through noisy feedback
from the receiver) are represented with H,. The transmitter
has the estimated values of the end-to-end channels for both
users and uses them to design the transmit beamforming and
RIS reflection coefficient vectors. We assume that all the
design computations occur at the transmitter according to the
channel estimates available at the transmitter, after which the
transmitter shares with the RIS controller the computed RIS
reflection vector.

III. DEVELOPING THE FOUNDATIONS: TWO-USER SISO
SYSTEM

We begin by developing the main techniques used in this
paper in the simplest possible context, for clarity and ease of
exposition. We consider a single-antenna transmitter and an
RIS serving two single-antenna receivers, i.e., M = 1 and
L = 2. In this section, we assume for simplicity that no direct
propagation path exists between the transmitter and receivers.

The links have unequal coherence times. The link between
the transmitter and RIS is stationary, ie., T = oo, and
Ty = KTs, K € Z. The integer ratio simplifies the initial
presentation of ideas and will be relaxed in Section IV. The
Transmitter-RIS link is common for both users. The end-to-
end channel h; must be updated every 73 time slots, and
channel hy every 75 time slots. The signaling for both users
is designed within a length-T7 block, which as mentioned a
moment ago is also an integer multiple of 75.

A. Transmission Scheme and Channel Estimation

As mentioned earlier, we concentrate on a single time period
of length-T}, with all operations repeating every 717 time
slots. User 2 has the smaller coherence interval 75, thus it
experiences % = K different channel realizations within 7}
time slots and needs as many pilot transmissions and channel
estimations. During the same 7) time slots, User 1 has a
channel that remains unchanged, therefore it only requires one
pilot interval. Within 7} time slots, signaling occurs over K
sub-blocks, each with length T5. Please refer to the top part
of Figure 2 for a depiction of channel states.

Each length-T5 interval consists of a training phase that
consumes T}, < T5 channel uses and a data phase with length
T, — T),. In Fig. 2, training phases are shown in either gray
or light blue, and data phases are shown in green. Each of
the channel vectors hy, hy have N unknowns to be estimated.
Therefore, the MMSE estimation requires at least 7, = N

pilot slots.”> The transmitter sends pilot z, = 1 over N
training slots, during which the RIS states [0, - ,0y] are
the columns of an N x N DFT matrix, denoted by D y:
1 1 1
1 w w-1)
DN — 1 w2 [N w2(N71) ) (4)
i wz\}q w(N71')(N71)

The pre-determined RIS states during the pilot transmission
are known as training states, and the choice of DFT matrix
during this time is called DFT training. DFT training can
accommodate any RIS size N and is power-efficient but needs
accurate implementation of reflection coefficients. The pros
and cons of different RIS training sequences are described
in [13].

Our scheme admits two types of pilot/training phase. The
first kind is employed when both links experience a channel
transition, and neither knows its channel. This occurs once
every 17 time slots. In this case, the transmitter emits pilots
(z, = 1) intended for both receivers (shown in gray in Fig. 2).

The corresponding received signal at User ¢ is

ye = /p- D¥h +ny,

where p. is the transmit power at each pilot slot and n, €
CV is the additive noise at the receiver with i.i.d. entries
CN(0,02). The MMSE estimate of hy is obtained as

he = E[hyy/ E[yey] e
-1
~ V- E[bh{'| Dy |p, DRE[hh/ | Dy + 8Ly | ve

Vo DNy
= 2 (6)
Npr +0j
where the facts E[h/hf’] = Iy and DEDy = NIy are used.
The estimation error is denoted by e, £ h, — h, which is
Gaussian and uncorrelated with the channel estimate h,. The
covariance of ey is calculated as

E[e,el'] :E[( %

(=12, (&)

Vpr D
h, — P Nne)

Np, + o} Np, + o8
Ug PTDN H
(3o a3~ Vo v ™)
NPT+UO NPT+JO
S - )
Np- + a3

The end-to-end channel estimates are fed back to the
transmitter to design the RIS reflection coefficient vectors. The
system operates under frequency-division duplexing (FDD)
mode. We consider an analog feedback scheme [63] in which

2Recall that at this point, we are analyzing a system with M = 1 transmit
antennas and N RIS coefficients.
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Fig. 2. Link coherence times and the proposed signaling structure. Achievable rates via this scheme are represented by Eqs. (17) and (18), and its full scope

is highlighted in Remark 3.

each user transmits on the feedback channel a scaled version
of its downlink observation in (5). The received signal at the
transmitter is given by

\/7
N

ry=———=y/+n

DX N _
_ P+
VP Jr‘70 \/PTJFC’O
DH
N

= PN 4, (8)

V- + 05

where n € CV denotes the Gaussian noise at the transmitter
with ii.d. entries CA'(0,03), and is independent of n,. In
Equation (8), n £ Vb n; + n denotes the total additive

\ pr+ag

noise at the transmitter, which is Gaussian and its covariance
is calculated as

E[a7] = of (14 Ly

e )IN. )

The transmitter observes ry and computes the MMSE estimate
of hy as

flg =E [hgrf] E [I‘grf] 711‘@

Pr\ Pr +0—8 DN

~ NpZ+ 0320, +07)

Iry. (10)

. . . ~ A o . .
The estimation error is defined as €, = hy,—h, with covariance

95 (2p7 + 07)
Np2 + 03 (2p; + o)

E[e,e;'] = In. (11)

A different kind of pilot/training phase occurs when User 2
experiences a channel transition while User 1 does not (see
Figure 2). This happens in exactly K — 1 instances dur-
ing each 77 time slots. In these instances, User 2 needs
channel estimation, while User 1 does not. Therefore, the
corresponding pilot slots (shown in light blue in Figure 2)
are reused to carry data for User 1. We propose an efficient
non-orthogonal (superposition) transmission of pilot and data

over these training phases, each with length N. In each of
these pilot slot, the transmit signal is

T =\ PrT1Tr,

where x; is the pilot and x; is the intended symbol for User 1,
such that E[|z1|?] = 1. This signaling is repeated N times,
covering the entire training phase. The corresponding received
signal at User £ is

(12)

/

Yo = Z-,—D%hz + ny
= VPr Dghé T1Zr + g,

Clearly, the main difference of Equation (13) compared with
Equation (5) is in z,, a signal component designed to carry
data for User 1 and act as a pilot for User 2. User 1 receives
y1 over the pilot slots and since its channel is remaining
unchanged since the previous pilot slot, it attempts to decode
x1, resulting in gains in rate and degrees of freedom. User 2
has a channel that is transitioned to a new value since its last
channel estimation. Therefore, it estimates its virtual channel
f, £ hyzy and feeds it back to the transmitter. The MMSE
estimate of the virtual channel at the receiver is

(=1,2. (13

= -1
=Byl

_ vV Pr DN y/2

Npr+o5
Channel state feedback follows a process similar to Equa-
tion (8), except the feedback value is the virtual channel f;
and not the physical link gain hy. The transmitter calculates an
estimate of the true channel gain hy from the noisy feedback
version of the virtual channel. This is possible because the

transmitter knows ;. The estimate hs is calculated via:

oo pr\/pr + 05 DN ( p- D&
, =
Np? +08(2pr +03) \\/p, + 02

Let € £ hy — hy denote the channel estimation error. The
covariance of €; is calculated as

E[/ég/éH] _ (U(%(ZPT +0'(2))) +pr+praOI
2 (Np‘l' +UO(2pT +0'0))

(14)

I ) (15)

(16)
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Remark 1: Channel knowledge for User 1 in some sub-
blocks arises from the differences in coherence times of the
two links. This happens because the same sub-block size is
used for analyzing both users, but one of them has a longer
coherence interval (User 1). As long as the next channel transi-
tion has not occurred for User 1, it maintains the same channel
gain. In other words, after every channel gain transition, there
are K — 1 sub-blocks in which the channel gain knowledge
for User 1 is inherited from the past.

Remark 2: In the superposition pilot slots given in Equa-
tion (12), when the fast-fading User 2 is estimating and using
the channel, the slow-fading User 1 repeats its data transmis-
sion. Thus, the value of f; £ hoz; remains unchanged from
the time it is estimated to the time it is used. Consequently, the
product in Equation (12) does not change User 2’s coherence
interval and pilot duty cycle. User 2’s coherence interval is
T5, requiring pilots every 75 time slots.

B. Achievable Rates

We outline an accounting of time slots needed for rate
calculations over T} time slots (see Fig. 2). Recall that Tl =K
therefore we have K sub-blocks. During the interval of 1ength
Ty, we need KN pilot slots. N pilots are needed at the
beginning of the T7j-length interval to estimate the channel
gains of both users. The remaining (K — 1) N pilot slots are
only needed for estimating the channel of User 2, therefore,
they will also carry data to User 1. The users employ time-
sharing with ratios 7, € [0, 1] during the data phases, each with
length T5 — N. During each data phase, passive beamforming
from RIS to all users occurs. With this, the following rates per
channel use are achieved:

R, = (1 - %)%log(l +7) +m (1 - %) log(1 4 1),

a7
Ry —772(1— g)log( +72)s (18)
where 71 denotes the signal-to-noise ratio (SNR) at User 1
over the superposition pilot slots. 1 and 75 respectively denote
the SNR at User 1 and User 2 over the data slots. The first
term in Equation (17) is the achieved rate for User 1 over
K — 1 training phases, each with length N. The second term
in Equation (17) is the achieved rate for User 1 over K data
phases, each with length 75 — N. The rate for User 2 in
Equation (18) has one term, because it only receives data over
K(Ty — N) data slots.

Remark 3: The rate expressions in (17) and (18) essentially
represent a corner point within the rate region for a fixed 7.
The system can also operate in single-user mode, in which
pilots are only necessary if the channel state of the active
user requires updating. The overall rate region consists of the
convex hull of the rates under superposition (17), (18), and
the single-user rates.

Remark 4: In our rate derivations, the time-sharing variables
ne are “knobs” that allow the boundary of the rate-region to be
traversed. These parameters allow one user’s rate to be larger
or smaller at the expense of other users. The setting of time-
sharing variables depends on the rates requested by different

users in the system and corresponds to multi-user multiplex-
ing. The optimization of these factors has been extensively
discussed in the literature, employing various techniques. In
particular, it has been shown that in time-sharing signaling,
the maximum sum-rate is achieved by allocating transmission
time to the user with the largest channel gain [64]. In the
interest of brevity, these well-studied issues are not repeated
in this paper.

Remark 5: The achievable rates in Eqgs. (17) and (18)
are subject to the optimization of RIS coefficients. This
part is omitted in the present section because in a two-user
SISO scenario, the RIS coefficient optimization reduces to
the single-user RIS scenario, which is adequately covered in
the literature [13]. The joint Transmitter-RIS beamforming
optimization is thoroughly addressed in Section IV-C.

C. Power Allocation

Regardless of whether ordinary or superposition pilots are
transmitted, the transmit power at each time slot during the
pilot phases is p,. Let p; denote the transmit power at each
time slot during the data phases. Given that E[|z|?] = 1 and
n + n2 = 1, in all K sub-blocks, each with length 75, the
power constraint p is satisfied, with:

prN + pa(To — N) = pTs.

The effective SNR for User 1 and User 2 depends on p;
and p4. The proposed transmission scheme employs pilot/data
superposition over K — 1 pilot phases for carrying the data
of User 1. The transmit signal in these pilot phases is given
by Equation (12), with the corresponding received values
expressed in Equation (13). From Equation (17), 74 is the
average SNR for User 1 at each superposition pilot slot. To
calculate v, we re-express Equation (13) for User 1 in terms
of the channel estimate and estimation error:

| = p D¥hiziz, + /p, DR €122, + 14
= p-DEhyziz, + 1,

where n) £ VP DX @€,z,7,+n; denotes the sum of additive
noise and the residual channel estimation error. Substituting
(10) in (20) and utilizing the covariance of channel estimation
error in (11), the effective SNR + is obtained:

,_ N?p}
T R+ ag)
As the proposed signaling offers User 1 (slow-fading link) the
opportunity to receive additional data over the pilot phases,
we focus on p; and pg that maximize the effective SNR of

User 2 (fast-fading link) over the data phases. The received
signal at User 2 in each time slot of the data phase is

yh = /pahi 0z + \/pgell 0z + ny

= /pah6x + n),
where nfy, £ | /pq € 0x+ny denotes the sum of receiver noise
and residual channel estimation error. The choice of RIS states

that maximizes the desired signal power in Equation (22), is
|0;| =1 and £0; = —£h(i), i =1,---, N. Utilizing this and

19)

(20)

2y

(22)
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the channel estimate in Equation (15), the power of desired
signal in Equation (22) is calculated, denoted as 0127:

02 = pyE[0"hoh1 6]
2
—Np (( Np: )+
Npr +UO(2PT +UO)

(<Np%+aa<[2lp/f|+}oa>>2))' @9
Using (16), we calculate
E[nyny] = ps0"E[e,e 10 + 1
— Npy (96(2pr +05))* + p7 + 706 | | (24)

(NpZ + 03(2p, +02))?

The effective SNR +, is then obtained as Equation (25), shown
at the bottom of this page.

Let 0 denote the fraction of total power allocated for data.
That is, pg(To — N) = §pTs and p, N = (1 — §)pTs. We
replace pg = 5,0T2T_2N and p, = (1 — 5)p% in (25) and set
the derivative of o with respect to  to zero. This results in
the optimal value of 4:

5 — \/(Uo+pT2)

(26)

(o
8( e

TN~ N
The optimal value, denoted as §*, for pilot and data power
allocation in the first length-75 sub-block, where ordinary
pilots are transmitted, follows the same analysis and hence
is omitted here for brevity. The only difference lies in the fact
that it utilizes the estimate of the true channel instead of the
estimate of the virtual channel.

Remark 6: The power allocations discussed in this section
were obtained for a single-antenna transmitter configuration.
In the context of a multi-antenna setup, we will later develop
a joint transmit beamforming and RIS reflection coefficient
scheme, which will have a different power allocation outcome.

IV. MULTI-USER MIMO RIS-ASSISTED PILOT-DOMAIN
NOMA

We now leverage the key insights obtained in Section III to
develop a comprehensive approach for pilot domain NOMA
transmission in a multi-user MIMO RIS-assisted system. We
begin by characterizing the signaling and NOMA structure in a
multi-user scenario, resulting in achievable rate expressions as
a function of transmitter and RIS beamforming vectors. Then,
we use a sum-rate criterion to find the optimal transmitter
and RIS beamforming. Our optimization approach is easily
generalizable to any (convex) weighted sum of rates, therefore
the entire multi-user achievable rate region is attainable using
this technique.

A. Multi-User MIMO Link and Signaling Schemes

Consider a multi-user downlink system with L receivers,
assisted by an RIS, as outlined in Section II. Each user
receives signals through both direct and cascaded (RIS) paths.
Our focus is on the coherence disparity condition, where the
coherence times for RIS-Receiver and Transmitter-Receiver
links vary among users. Specifically, this section analyzes the
interesting case where for some User(s) ¢ € {1,---,L}, at
least two of the three quantities T', Ty, and T, are non-
identical. Due to variations in node mobility and scattering en-
vironment, such a broad condition can easily occur. We define
Ty £ min{Ty, Ty ,}. Since the Transmitter-RIS link is shared
across all end-to-end channels, when T' < min{77,--- ,T}},
the common Transmitter-RIS link creates a channel estimation
bottleneck, and no additional degrees of freedom can be
achieved through the coherence diversity. However, when
T > min{Ty,---,T}}, the required pilot duty cycle for
different users is not identical, creating opportunities for pilot-
domain NOMA.

Without loss of generality, the link coherence times 7, are
indexed in descending order:

T > >T).

This leads to T > T, indicating that User L needs to
estimate its channel hy, every T time slots. To have a general
notation for all end-to-end link coherence times, we define
T; £ min{T,7}}. Thus, any User ¢ requires refreshing
its channel estimates every 7T} time slots. Since the links
have unequal coherence intervals, we design the transmission
scheme over a super interval whose length is the least common
multiple (LCM) of the coherence times for all end-to-end links
(see Fig. 3).
T, & lem(Ty,--- ,T;)

We concentrate on a single time period of length 7, for
signaling, with all operations repeating every 7T, time slots.
User L has the fastest link (smallest coherence time T7),
TC pilot intervals are required within 7.
User 1, the slowest user, needs ;i pilot intervals during
T.. Other users fall somewhere in between. The signaling
is designed over i sub-blocks, each with length T}. Every
length-T7; sub- bloci consists of training phase with T), < T}
time slots and data phase with T} — T, time slots. The
channel vector hy has M (N +1) unknowns, whose estimation
requires 7, = M (N + 1) observations in each training phase
(see Fig. 3). Each RIS training state 6 is maintained for
M time intervals during which the transmitter emits linearly
independent orthogonal pilots. This is repeated N + 1 times
with different RIS training states. Each group of M pilot
transmissions is called a fraining sub-phase; the groups are
indexed with the variable 7 =1,..., N 4 1.

Let P, € CMXM denote the pilot matrix over the training
sub-phase 7, which is unitary and known to both users. The

N2p2pa(Np; + E[[1/x]*)

T2 =

Npa((03(2pr + 05))? + p3 + p2o3) +

(25)
(NpZ +05(2p- + 03))?
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Fig. 3. Link coherence times, super interval, and the proposed signaling structure within the super interval.

corresponding received signal at each user during M time slots
is
— VpU, hy + 1y, 27)
~T
where U, = 0_ ®@PT represents the combined action of pilots
and RIS training states on the channel coefficients h, during
training sub-phase 7. n, € CM is the additive Gaussian noise

with i.i.d. entries CN'(0, 02). This process is repeated N + 1
times to estimate all unknown channels. Let

Ye,1 U,

I, A

Yy and U2

YeN+1 Uyt

The MMSE estimate of hy is denoted by hy:
— ~ ~ ~ —1
b = VpE[A] U7 pUEMLI]O +1] 0 @8)

The estimated channel depends on the RIS training states. We
consider the DFT training as discussed in Equation (6). This
leads to

B=- Y

Uy,
1+ pT,

(29)
The channel estimates are fed back to the transmitter
to calculate the transmit beamforming and RIS reflection
coefficients (see Fig. 4). We consider an analog feedback
scheme [63] over an AWGN feedback channel with power
constraint p.> Each user feeds back its downlink observation
from Eq. (27), scaled appropriately to satisfy the feedback
channel power constraint. The output of the feedback channel
is:
v
VPt o5 0

3 As in prior works [63], [65], in our model the feedback link for each user
operates through a “side channel” that does not interfere or interact with the
feedback link of other users, or with the forward link.

ry = =y¢+ 1, (30)

)
RIS 0 User 1
Y
Transmitter IR
s, = "y Downlink
1
| Precoder | i ¥l Channel .
S, — f
ws Ly
! al MMSE
MMSE| [MMSE ) User L
r, r,
—[ Feedback Channel }%
. Channel
. estimates

Feedback Channel I

Fig. 4. Channel state feedback

where n € CT» is AWGN with power o2 per entry. The
transmitter observes ry and computes the MMSE estimate of
the channel h, as

flg = P ry.

(p+ )/ p+ a3

In the remaining T* T* sub-blocks, each of length 77,
User 1 does not requlre further pilots for channel estimation.
However, any other User ¢/ # 1 might need to refresh its
channel estimate. Therefore, the pilot slots in the following
sub-blocks may be used to transmit data for users whose
channel states remain unchanged. To this end, we propose non-
orthogonal pilot/data transmissions during all such training
phases.

During a training sub-phase 7, assume a User ¢ does not
need the pilot because its channel has not changed since the
last channel estimate was formed, and is eligible to receive
data represented by the signal matrix X; € CM*M_ The
transmitter will emit:

€19

= /pX.P,, (32)
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P, € CM*M g the pilot matrix. The corresponding received
signal at all users will be

F= \/ﬁZZHpéT +ny

= /pPTXTH0, +ny, (=1, L. (33)

Recall that User ¢ = 7 already knows Hi,PT,gf, therefore
it can coherently decode X;. Any other User ¢ # i whose
channel has experienced a transition* will try to estimate
the virtual channel F, & X7 H, and feed it back to the
transmitter. The transmitter knows X, therefore it can estimate
the true channel H, and use it for data beamforming.

Remark 7: In the multi-user superposition pilot slots de-
scribed in Equation (32), when User ¢ # 4, with a varying
channel, estimates and utilizes the channel, User ¢ continues
its data transmission X;. As a result, F;, remains constant for
User ¢ from estimation to usage. Consequently, the product in
Equation (32) does not impact User £’s coherence interval or
pilot duty cycle. The end-to-end coherence interval for User ¢
remains T, requiring pilot transmissions every T, time slots.

Let f, £ vec(F,). Then, Equation (33) is alternatively
expressed as

~ ~T T
Yer=+/p (OT ®PT) fr +n,

p U, f, +ny, (34)

where U is the overall training matrix at the training sub-
phase 7 and is defined in Equation (27). The transmitter sends
Z . in N 41 sub-phases with the corresponding receives values
Ye,r at each sub-phase. Let
Vea
~ A
Ye =
YeN+1

Through the same manners used in Equations (28) and (29),
the MMSE estimate of f, is obtained as

TS
fp=—"——U . 35
¢ T+ 7, ye (35)

Channel state feedback follows similar concepts as that of
Equation (30) with the only difference being that the virtual
channel is returned to the transmitter, not the true one. The
transmitter first estimates the virtual channel f;, through the
same manner as (31) and then computes the estimate of the
true channel h, noting that it has the full knowledge of X,.
Let f, 2 vec(Fy) denote the estimate of f; at the transmitter.
Then, the estimate of the true channel H, is denoted by
H, = (X~ 1F,.

B. Achievable Rates

We now outline an accounting of time slots needed for rate
calculations over T, time slots. To estimate all the channels

within the super interval, we need =< M (N +1) pilot slots. The
T

— T—{i length-T’, pilot intervals

4There may be some users £ # i whose channel has not experienced a
transition since their last channel estimate. Any such users will ignore this
training interval.

to transmit the message of User ¢ # L over the pilot phases.
User L with the most rapidly varying link requires all available
for channel estimation. Beamforming to all

users occurs during the g" data phases, each with length 77 —
L
M (N + 1). With this, the following rates per channel use are

achieved:

1
( — i ) MN + 1) log(1 +7¢)
Y
+ (1 T*(N+1)) log(1+7~) £=1,---,L—1,
(36)
M
(1 _ F(N n 1)) log(1 + 1), 37)

where 7, denotes the SNR at User ¢ over the reused pilot
slots. v, and vy, respectively denote the signal-to-interference-
plus-noise ratio (SINR) at User ¢ and User L over the data
slots. The ﬁrst term in (36) is the achieved rate for User £
over %; (N +1).
The second term in (36) is the achieved rate for User ¢ over
T* data phases, each with length T} — M (N + 1). The rate
for User L i 1n (37) has only one term, because it only receives

Te(Ty — M(N + 1)) data slots.

Remark § Equations (36) and (37) together describe in-
dividual rates for all users. By varying the allocated powers
subject to the overall power constraint p, the Equations (36)
and (37) yield the overall rate region.

Remark 9: The proposed method can be generalized to the
case where there are more users than transmit antennas. When
L > M, we can choose groups of M users, each, so that the
users within each group will not interfere with each other.
These groups will be scheduled via a scheduling algorithm
through time-sharing, or will be able to utilize a pilot slot
for data transmission, whenever the group does not need the
channel state information provided by that pilot. The details
are straightforward but tedious to enumerate case-by-case, and
therefore are omitted for brevity.

Remark 10: Unlike other NOMA techniques, such as power-
domain NOMA, the performance of the proposed pilot-domain
NOMA is not directly dependent on the number of users
but rather on the level of coherence disparities among them.
Different coherence disparity regimes yield varying perfor-
mance gains. Since pilot-domain NOMA inherently relies
on the coherence lengths of all users, performance cannot
be evaluated independently of these coherence conditions.
Consequently, our analysis differs from that typically found
in conventional NOMA literature. This distinction stems from
fundamental differences between the two methods, their per-
formance gains, and the specific conditions under which these
gains are achieved. Therefore, while it is straightforward to
present rate performance as a function of user count for power-
domain NOMA, this approach is less applicable to pilot-
domain NOMA.

Remark 11: The pilot-domain NOMA for RIS-assisted
systems presented in this paper exploits a very different source
of gains compared with conventional (power-domain) NOMA
whose gain often comes with the requirement of interference-
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canceling (peeling) receivers. Pilot-domain NOMA sends data
during pilots that are unnecessary for some users. Because of
the different nature of the gains in pilot-domain NOMA, and
the neat structure of product superposition, this gain can be
harvested without the need to explicitly perform interference
cancellation. These pilot-domain and power-domain NOMA
gains are not mutually exclusive; in fact, they are independent
of each other. Since power-domain NOMA has been explored
in numerous other works, and its combination with pilot-
domain NOMA does not produce new points of interest, its
discussion is omitted in this paper.

C. Beamforming Optimization

The joint design of beamforming for the transmitter and
RIS occurs centrally (presumably at the base station) and is
communicated with the RIS through a backhaul link. The
objective is to maximize the achievable sum-rate.’> We describe
the optimization algorithm in the blocks where superposition
pilots are employed. The optimization in non-superposition
blocks is essentially similar with a change of variable, and is
therefore omitted for brevity.

The channel estimates H, are available at the transmitter.
The transmitter calculates 7, as

~H ~
|0 HfWgF

Ve = ; (38)

= ——
Hyo |2 2 2

160 Hy w5, + pog, + 0of
where 02 , denotes the power of channel estimation error that

can be obtained by calculating the covariance of the channel
estimation error e, = hy — hy [66]:

E[eg ef] = UE’ZI.

The original sum-rate maximization problem is

L

max ;Rz (39a)
L

st Y [lwell> < p (39b)
(=1

;| <1, Vi=1,--- N, (39¢)

where R, is given in Equations (36) and (37), and W £
[w1, -+, wp] denotes the beamforming matrix.

The beamforming for all users is performed during the
data phase of the block. In the sum-rate 25:1 Ry, the term
log (14 ;) refers to the data rate transmitted in superposition
during the RIS training states, therefore it is independent
of the subsequent beamforming states W, 0, and does not
participate in their optimization. The remaining terms in the
sum-rate are (1— TML*(N—l- 1)) Z£=1 log(1+ ), in which the
multiplying constant upfront involves variables that are also
independent of optimization variables W, 8. Therefore, the
sum-rate optimization is reduced to:

L >H
0 HH 2
max Zlog(l + —5 | 7 Wil
w6 — 0 HHw.|2 2 2
£=1 | Y) WJ|j;£l+pUe,E+UO

) (40a)

5Any convex combination of rates may equally well be optimized in the
same manner.

9
L

s.t. Z [well? < p (40b)
=1

0 <1, Vi=1,---,N. (40¢)

To solve this non-convex problem, we utilize fractional pro-
gramming [67], [68]. Incorporating both Lagrangian and
Quadratic transforms, this method transforms the cost func-
tion, which is a sum of logarithms of ratios, into a sum
of logarithmic and linear functions. This process introduces
two sets of auxiliary variables: a = [ag, -+ ,p] and B =
[B1,- -, BL], corresponding to the Lagrangian dual transform
and the Quadratic transform, respectively. The optimization in
(40) is equivalently reformulated as:

L
whax ; log (14 ay) — oy
L ~H ~
+> 2T+ arRe{f; 0 H{'w,}
/=1
L L H
= 1B (D0 18 w2+ po?, + o)
=1 j=1
(41a)
L
s.t. Z [well?> < p (41b)
/=1
6/ <1, Vi=1,--- ,N (41c)
a€R,, BreC. (41d)

Details of the transformation are available in [67], [68].

The four variables a, 3, W, and 6, are updated iteratively.
During each iteration, they are updated one-by-one, while
keeping the others fixed with the results of last iteration. The
update equation for v and 3 is obtained by finding the root
of the gradient of (41a) with respect to « and 3, respectively:

1 ~H ~
oy = i(Re{ﬂZ‘B HfWg})Qx
~H ~
(1 + \/1 +4(Re{;6 H;’w})*z), (42)
~H ~
1+a,)60 Hiw
b — V(O ra0d Hiwe (43)
Zj:l |0 H?Wj‘Q + pofl + 03
The update for W solves the following:
L .
2v/1 9 HY
max Z_Zl +aeRe{f; 0 Hiw,}
L Lo
=SB0 B w?) @
=1 j=1
L
st Y fwel* < p, (44b)
=1

which is equivalent to (41) when 8, o and 3 are fixed. The
problem (44) is a standard quadratically constrained quadratic
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programming, whose solution via Lagrange multipliers [69]
is:

L

~ ~~H ~ -1_ ~

szﬂevl-i-ag()\IM—‘,— E ‘Bj|2Hj00 H;I) H,0,
Jj=1

(45)

where ) is a Lagrange multiplier, whose optimal value can be
obtained via a grid search [69]. The update for 6 solves the
problem:

(462)
(46b)

max Re{20%k} — 6" ®6
st. 0;] <1, Vi=1,--- N,
where k and ® are functions of «, B, and W that act as

constants in the update of 8, as follows:
L

k2> V/(1+ a)diag(8; g Hw,

=1

L L
- Z |B¢|*diag (g, ) H Z Wijhd,e,

(=1 j=1

L L
LD |87 diag(ge) Hw,;w/ H" diag(ge).

=1 j=1

This is a quadratic programming whose optimal solution via
Lagrange multipliers is:

0= ((:b + MIN)_1K7

where p is the Lagrange multiplier whose optimal value at the
solution can be obtained via a grid search [69].

47)

D. Complexity

Unlike most non-orthogonal schemes that require
interference-canceling receivers, product superposition in
our pilot-domain NOMA offers a structured approach
where gains are achievable without explicitly performing
interference cancellation. This is because the interfering signal
is multiplied by the true channel, creating a ‘virtual channel’
for some users, which is easily estimated at the receiver side.
This provides unique advantages in terms of computational
complexity, compared with other NOMA techniques (e.g.,
power-domain NOMA).

Compared with a baseline orthogonal transmission tech-
nique, the main additional computation required by the pro-
posed technique lies in the transmitter performing superposi-
tion in each training sub-phase. It is important to note, though,
that the scope of this computational burden is relatively
limited, because this only applies to pilot slots in which
data is transmitted in parallel. In other words, the amount of
added computational complexity in our technique is linearly
proportional to the gains in rate. Unlike some others, our
method is unburdened by any overhead unrelated to rate gains.

The total complexity of the proposed scheme over the sub-
blocks with superposition pilots is O(M?(N +1)+¢'M?(N +
1) + 20 M3(N +1)3 + LM3(N + 1)5N?), where ¢’ denotes
the number of users that need to update their channels. The
first term corresponds to a M x M data matrix that is

0.6 T T T T T T T
Proposed scheme
—=== Conventional time-sharing

051 : : : : 1

Training Overhead

Fig. 5. Training overhead as a function of RIS elements

transmitted over the pilot slots. The second term represents
the computational complexity to estimate the true channel at
the transmitter, where the inverse of a M x M matrix should
be calculated for ¢’ users. The third term corresponds to the
sum of computational complexities for MMSE estimation of
the virtual channel at both the receiver and the transmitter. The
last term represents the complexity of the beamforming (from
the transmitter and RIS) for L users over the data phase.

V. NUMERICAL RESULTS

Unless stated otherwise, in this section T' = co, M = L,
02 =1 W, p=10 dB, and power allocation is considered for
pilot and data slots (p, and pg).

Fig. 5 illustrates the required training overhead with respect
to the number of RIS elements for two users. Here, L = 2,
M =1, Ty = 250 and 75 = 150. For comparison, we also
provide the resulting training overhead via the conventional
transmission scheme, where ordinary pilots are sent every 75
time slot (i.e., transmission without pilot reuse). This shows
that the proposed scheme is more economical in training
overhead than conventional techniques.

Fig. 6 compares the rate regions achieved via the proposed
transmission scheme and the conventional time-sharing when
L =2 M=1, N = 32, 71 = 500, and 75 = 100. The
proposed transmission scheme provides a significantly better
achievable rate region compared with conventional signaling,
under similar conditions.

Fig. 7 shows the individual rates and sum-rate achieved
through the proposed transmission scheme. Here, L = 3,
M =1, N = 64, T = 500, T3 = 600, T» = 250, and
T3 = 150. For comparison, we also provide the achieved
sum-rate results via benchmark schemes: conventional time-
sharing (TDMA with equal time-sharing factors), optimized
TDMA (allocating transmission time to the user with the
largest channel gain [64]), and conventional power-domain
NOMA (without pilot reuse and with equal power allocation).
It is observed that the proposed scheme can achieve signif-
icant gains over conventional schemes. For example, at the
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Fig. 7. Comparison of achievable sum-rate for downlink SISO

transmit power p = 10 dB, the proposed scheme achieves
approximately 3.5 bps/Hz and 2.4 bps/Hz gain compared with
optimized TDMA and conventional power-domain NOMA,
respectively.

Although we compare the proposed scheme with the con-
ventional power-domain NOMA, it is important to note that
our scheme is not in competition with power-domain NOMA,
as the two operate on different tracks: one over pilot slots and
the other over data slots. As stated in the Introduction and
Conclusion sections, these two techniques can be combined,
and their benefits are cumulative, to achieve even more gain.

Fig. 8 shows the impact of feedback channel power on
achievable sum-rates. Here, L = 2, M =1, N = 32, T = 500,
Ty = 250, and T> = 100. For comparison, we also provide the
achieved result via the perfect (error-free) feedback link. This
shows that as the power of the feedback channel increases,
the achievable sum-rates increase, converging to the results
achieved under a perfect feedback link.

Fig. 9 shows the impact of the shortest coherence time on

S)
T
1

Sum-Rate (bps/Hz)
©
T

——— Imperfect feedback
===~ Perfect feedback

1 1 1 1

L
1 1.5 2 25 3 3.5 4 4.5 5
Feedback Power (dB)

Fig. 8. Impact of analog feedback power on achievable rates
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T,

Fig. 9. Achievable rates as a function of block length 7%

achievable rates. Here, L = M = 2, N = 16, and T} = 150.
We vary T, from 40 to 150. This shows that as T, increases,
the rate for User 2 improves since its training overhead is
reduced. In contrast, the rate for User 1 decreases as 15 is
increased, because there are fewer reused pilot slots it can
exploit. When 77 = T, there is no opportunity for pilot
reuse strategy and thus both users achieve the same rates. We
notice that when 75 < 45, the RIS produces no gains, because
in smaller coherence intervals, there are insufficient samples
to amortize the training cost of RIS. The limits incurred by
training overhead are broadly an issue for all RIS-assisted
systems.

Fig. 10 shows the achievable sum-rate via the proposed
scheme with joint beamforming and RIS reflection coefficient
optimization. Here, L = M = 3, N = 64, T = 500,
T, = 600, T, = 250, and T3 = 150. For reference, we also
show the effect of randomized RIS coefficients, as well as no
RIS. This figure shows that beamforming is important at both
the RIS and the transmitter for maximizing gains. At the target
sum-rate of 10 bps/Hz, a gain of ~ 10 dB is achieved over the
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Fig. 10. Achievable sum-rate via the proposed and conventional transmission
schemes

conventional zero-forcing (without pilot reuse) with a random
RIS vector.

VI. CONCLUSION

This paper proposes a new and efficient pilot-domain non-
orthogonal multiple access (NOMA) signaling scheme for a
multi-user downlink channel with reconfigurable intelligent
surfaces (RIS) whose links experience unequal coherence
times. The channel state feedback is available imperfectly.
The outcomes of this paper include a significant reduction of
training overhead and corresponding rate gains. The technical
contribution of this work includes a harmonious combination
of product superposition and beamforming from both trans-
mitter and RIS under imperfect channel state information, in
a manner that maximizes sum-rates.

The proposed pilot-domain NOMA in this paper exploits
a different source of gains compared with conventional data-
domain (a.k.a. power-domain) NOMA whose gain often comes
with the requirement of interference-canceling (peeling) re-
ceivers. Because of the different nature of the gains and
the neat structure of product superposition, the gain of the
proposed scheme can be harvested without the need to ex-
plicitly perform interference cancellation. The gains of these
two NOMA schemes are independent of each other and both
of them can be achieved at the same time within the same
system. In other words, the pilot-domain NOMA gains of the
present paper can be combined with power-domain NOMA
gains obtained in previous works.
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