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Abstract— Coordinated multi-base station (BS) transmission
has emerged as a fundamental access technology to augment
network capability and improve spectrum efficiency. However,
the computation-intensive feedback of channel state information
(CSI) poses significant challenges in determining physical-layer
parameters for coordinated BSs. In this paper, we investigate a
feedback-free mechanism that leverages fixed precoding matrix
indicator (PMI), rank indicator (RI), and channel quality indica-
tor (CQI) for coordinated BS transmission over a fully-decoupled
radio access network (FD-RAN). Aiming to maximize user equip-
ment (UE) throughput without CSI feedback, we calculate an
optimal feedback-free parameter across spatial, frequency, and
time domains only through UE geolocations. First, to determine
MIMO transmission layer and precoding strategy in the spatial
domain, we introduce a hierarchical reinforcement learning
(HRL) framework to jointly select PMI and RI for coordinated
BSs. Subsequently, for designing a more fine-grained subband
transmission, transformer module is employed to capture the
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subcarrier correlations within OFDM symbols. Finally, given the
unpredictable channel variations, we leverage a diffusion model
to generate representative channel for fixed PMI, RI, and CQI
over time-varied networks. Simulations demonstrate that 2 BSs
feedback-free transmission can enhance 13% throughput com-
pared with 1 BS CLSM transmission, which provides a design
principle for next-generation transceiver technologies.

Index Terms— 6G, fully-decoupled RAN, feedback-free trans-
mission, generative Al, diffusion model.

I. INTRODUCTION

ITH the ever-increasing demand for higher data rates
Wand improved spectral efficiency in wireless networks,
coordinated transmission among multi-base station (BS) has
evolved as an innovative paradigm to support user equipment
(UE) service for next-generation wireless networks (6G) [1],
[2], [3], [4]. One of the state-of-the-art technologies in wire-
less coordination, namely co-frequency diversity employed by
multi-BS transmission, has demonstrated significant potential
in optimizing spectrum utilization and augmenting network
capacity [5]. Nevertheless, the fundamental property of the
performance gain brought by co-frequency diversity is criti-
cally dependent on the feedback of channel state information
(CSI), especially for multiple-input multiple-output (MIMO)
systems [6]. In current fifth-generation (5G) wireless net-
works, the real-time CSI is acquired by transmitting reference
signals from the BS to the UE, enabling the calculation of
physical-layer parameters, including precoding matrix indica-
tor (PMI), MIMO rank indicator (RI), and channel quality
indicator (CQI), for orthogonal frequency-division multiplex-
ing (OFDM) symbol transmission [7]. The PMI, RI, and CQI
will be subsequently fed back to the BS and be dynami-
cally adjusted across different subframes. Consequently, when
confronted with the joint determination of physical-layer
parameters for multi-BS, the intensive computation and com-
munication of real-time CSI feedback has posed significant

challenges for the exploitation of co-frequency diversity [8].
Targeting at reducing CSI feedback overhead while guaran-
teeing the wireless data rate, extensive network optimization
technologies, e.g., sparse [9] and quantized [10] CSI feed-
back, have been investigated in the past few years. However,
these approaches cannot essentially reduce the complexity
and frequency for the joint calculation of physical-layer
parameters involving multi-BS [11]. Recently, an evolutionary

1558-0008 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Nanjing University. Downloaded on April 02,2025 at 11:34:10 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-6341-4698
https://orcid.org/0009-0000-7650-9215
https://orcid.org/0000-0002-6964-220X
https://orcid.org/0000-0002-8220-6525
https://orcid.org/0000-0002-2021-4570
https://orcid.org/0000-0002-8218-3490
https://orcid.org/0000-0002-6549-8917
https://orcid.org/0000-0002-7442-7416

XU et al.: FULLY-DECOUPLED RAN FOR FEEDBACK-FREE MULTI-BS TRANSMISSION IN MIMO-OFDM SYSTEM 781

fully-decoupled radio access network (FD-RAN) architecture,
which employs a feedback-free mechanism for physical-layer
transmission, has been proposed to enable the extensible and
flexible design for multi-BS transmission [12], [13], [14].
Instead of relying on the frequent feedback of CSI to calcu-
late physical-layer parameters, the feedback-free mechanism
in FD-RAN leverages fixed PMI, RI, and CQI across all
transmission periods based on the geolocation information
of UE’s position. The fixed physical-layer parameters will
be precalculated with geolocation-related statistical channel
data, thus avoiding the intensive real-time CSI processing.
This innovative transmission design has been regarded as a
promising resolution for multi-BS cooperation [15].

Nevertheless, although the feedback-free mechanism of
FD-RAN simplifies the frequent CSI feedback process, the
determination of time-invariant physical-layer parameters for
each UE location remains a significant challenge. Given the
dynamic and stochastic characteristics of the wireless channel
across different subframes, directly utilizing geolocation-based
statistical channel data may result in unsatisfactory perfor-
mance [16]. However, channels at one location exhibit high
correlations in the spatial, frequency, and time domains. With
the recent revolutionary development of generative artificial
intelligence (GAI) technologies, cutting-edge GAI algorithms
such as the diffusion model and variational autoencoder (VAE)
have shown considerable potential in accurately capturing the
correlation within dynamically changing environments [17],
[18]. Consequently, through learning the distribution of the
statistical channel data across the spatial, frequency, and time
domains, GAI is capable of generating a representative channel
that adequately adapts to a wide range of time-varied wireless
conditions [19], [20]. The generated representative channel can
be exploited to obtain the time-invariant physical-layer param-
eters for coordinated multi-BS transmission, thus providing an
effective solution for the feedback-free mechanism of the FD-
RAN architecture.

Based on the aforementioned investigation, we summarize
the challenges and motivations of utilizing the innovative FD-
RAN architecture for multi-BS transmission as follows

o Communication overhead: To eliminate the necessity for
frequent real-time CSI feedback between the UE and the
coordinated BSs, FD-RAN consistently employs the time-
invariant PMI, RI, and CQI across all subframes, thus
significantly reducing the communication overhead for
coordinated multi-BS transmission.

o Computation overhead: The complexity of the joint calcu-
lation for physical-layer parameters grows exponentially
with the number of coordinated BSs, making it com-
putationally prohibitive for each subframe transmission.
FD-RAN precalculates the time-invariant physical-layer
parameters based on statistical channel data, thereby sub-
stantially reducing the intensive computation overhead.

e Dynamic wireless environment: The stochastic char-
acteristic of the changing wireless channel results in
unsatisfactory performance for the fixed parameter trans-
mission of FD-RAN. Through learning the distribution of
statistical channel data across different subframes, GAI
can generate a representative channel to tremendously

enhance the performance of FD-RAN feedback-free
transmission.

To this end, this paper targets at enhancing the feedback-free
transmission performance of FD-RAN for coordinated multi-
BS transmission in MIMO-OFDM system. We formulate a
problem that aims to maximize the UE throughput, with an
optimization of physical-layer parameters within the spatial,
frequency, and time domains based GAI technologies. Specif-
ically, the PMI will be tailored to each subcarrier in an OFDM
symbol to enable more fine-grained subband transmission, the
RI will decide the joint transmit data layer for all coordinated
BSs, and the CQI will select a modulation and coding scheme
(MCS) to determine the overall throughput of the coordinated
multi-BS transmission. The detailed process of the FD-RAN
feedback-free mechanism includes: (1) Leverage location-
based statistical channel data to precalculate the PMI, RI,
and CQI for coordinated BSs; and (2) Consistently apply
these physical-layer parameters across all transmission peri-
ods. The main contributions of this paper are highlighted as
follows

e We design a hierarchical reinforcement learning (HRL)
framework to jointly optimize PMI and RI on co-
frequency transmission. The higher-tier of HRL will
determine the MIMO spatial layer and the lower-tier
will select the precoding matrix for all coordinated BSs,
which provides an efficient way to handle the complicated
precoding problem in the spatial domain.

e We employ the transformer encoder with a scaled
dot-product attention module to capture the inherent cor-
relations of subcarriers within an OFDM symbol, which
offers a more fine-grained subband transmission in the
frequency domain compared with OLSM'! mechanism.

¢ Given the continuous and unpredictable channel vari-
ations in the time domain, we exploit a conditional
diffusion model, one type of GAI, to generate a repre-
sentative channel for calculating the MSC, which will
be effective for a wide range of dynamic time-varied
conditions.

o Extensive simulations have been conducted in the
Vienna 5G Link Level Simulator [22] with a complete
physical-layer module. The results have verified that a
feedback-free transmission of 2 BS can enhance the
UE throughput by 13% compared to 1 BS CLSM? and
reach 94% performance of a heuristic codebook iteration
(HCI) method, which provides a design principle for the
development of next-generation wireless networks.

The rest of this paper is structured as follows. Section II
introduces the related work. Section III presents the sys-
tem model. Section IV describes the feedback-free resolution
and the simulation results are given in Section V. Finally,
we conclude the contributions in Section VI.

'Open-loop spatial multiplexing (OLSM) corresponds to the transmission
mode (TM) 3 in Long Term Evolution (LTE) [21]. OLSM provides the
feedback information using a predefined PMI sequence for each subcarrier
in an OFDM symbol, along with an RI and a CQIL.

2Closed-loop spatial multiplexing (CLSM) corresponds to the TM 4 in
LTE [21]. CLSM provides the feedback information using a PMI for all
subcarriers in an OFDM symbol, along with an RI and a CQI.
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II. RELATED WORK

The field of coordinated multi-BS transmission has wit-
nessed substantial development in recent decades owing to its
potential to enhance spectrum utilization and augment network
capacity [23]. State-of-the-art techniques such as coordinated
multi-point (CoMP) transmission and cell-free massive MIMO
leverage the co-frequency diversity to enhance signal strength,
thereby improving UE throughput and ensuring more reliable
connectivity across extensive networks [24]. However, the
current physical-layer transmission mode relies on the UE
periodical measurement report of CSI feedback, which is
computation-intensive and results in high communication over-
head due to the exponential increased coordination complexity
with the number of BSs. To alleviate this situation, consid-
erable research works have been conducted utilizing limited
CSI feedback technologies. Chen et al. [9] leveraged sparsity-
inducing mean-squared error (MSE) minimization for cell-free
transmission. Silva et al. [10] proposed a low-complexity BS
block compression method to relieve the fronthaul burden
in distributed MIMO system. These technologies have been
demonstrated to achieve nearly equivalent spectral efficiency to
the transmission attained with perfect CSI, while significantly
reducing the overhead of CSI feedback.

To further address the challenges posed by real-time
computational complexity in CSI feedback procedure, the
mechanism of physical-layer transmission without any CSI
information has received extensive attention. Bletsas et al. [25]
explored a zero-feedback scheme wherein carrier synchro-
nization is abandoned among distributed transmitters and
verified the possibility of deploying the zero-feedback scheme
in low-cost sensor networks. Hanna et al. [26] proposed a
destination-feedback-free approach that leverages coarse radio
mobility and destination information for distributed beam-
forming process. Simulations have demonstrated an effective
signal to noise ratio (SNR) improvement of 9 dB in the
beamforming direction, achieved through a broad placement
of four radio units. In addition, the UE location based
feedback-free mechanism has been widely adopted to optimize
the network performance. Chikha et al. [27] formulated a
radio environment map (REM) for inter-cell coordination
in massive-MIMO systems. Wang et al. [28] proposed a
location-aware beamforming method in cell-free millimeter
wave scenario. Furthermore, Yu et al. [12] leveraged UE
location to obtain a fixed PMI, RI, and CQI in coordination
BS transmission. which provides an efficient way to simplify
operations and enhance coordination efficiency.

Apart from the flexibility benefits that feedback-free
transmission affords in BS coordination, there remains sig-
nificant potential for performance improvement through the
employment of advanced Al technologies with geolocation

information [29], [30], [31]. Ji et al. [32] proposed a
multi-agent deep reinforcement learning method with rate
splitting multiple access for beamforming configuration.
Xu et al. [33] introduced a reservoir computing structure-
based network (RC-net) to realize the rank and link adaptation
for MIMO-OFDM Detection. Recently, generative Al has
shown enormous potential in the optimization of physical-
layer performance [34], [35]. Ye et al. [36] used a generative
adversarial network (GAN) based channel agnostic commu-
nication to realize an efficient physical-layer transmission.
Liu et al. [19] leveraged the VAE to generate a represen-
tative precoding matrix with a location based feedback-free
mechanism. Kim et al. [37] exploited a diffusion model for
end-to-end (E2E) channel coding design, which demonstrates
extensive capability in creating an effective solution over
complicated time-varied channels and achieves significant
throughput enhancement.

III. SYSTEM MODEL

In this section, we present the wireless channel model
and the transmission process of multi-downlink BSs (DBSs)
coordination over FD-RAN architecture.

A. Channel Model

Consider that the UE is equipped with [V, receive antennas,
and each DBS has V; transmit antennas, we use the clustered
delay line (CDL) defined in 3GPP 38.901 [38] to model the
channel impulse response (CIR). As given in Eq. (1), as shown
at the bottom of the page, the time-variant CIR h, ;(7) of the
r-th receive and t-th transmit antenna is formulated by adding
the line of sight (LoS) channel hL"S (1, ATp,s) to the non-
line of sight (NLoS) components hnt,c7p(7', AT, ), where T
denotes the time instant, A7z,g and A7, are the time delay
of LoS and NLoS paths, respectively, ¢ € [1,C] describes
the modeled channel clusters, and p € [1, N, ] is the subpath
of cluster c. The subpath p in the same cluster will share
similar angle of arrival (AoA) and angle of departure (AoD),
having the angle gains of Ga,4 and G 4,p, respectively. The
DBS transmit antenna is considered to be a dual-polarized
uniform planar array (UPA), which consists of N;, horizontal
and NV, vertical antennas. The transmit antenna number can be
calculated as Ny = 2Ny, N;, and the antenna gain is denoted
as Gy. The UE received antenna is considered to be a single-
polarized uniform linear array (ULA) with an antenna gain of
G,. Consequently, the channel gains of Gr,s and G, are
expressed as

GLOS/c,p = GG 404G1G 40D 2

Besides, the Ricean K-factor Kr in Eq. (1) describes the
scaled power ratio of LoS path and NLoS paths. ¢, and

C Ny,

hot(1) = VKR+1 hEQS (7, ATpos) +
GrLo J(¢LOS+27TfrATLoS)6 — AT,
VKR"‘l LoS€ (7 TLS

Zzh””’ T, ATe p)

[ — K n 1 ZZch e](‘fbc p 2T fe AT, 1))5 (7- _ ATC p) (1)

c=1p=1
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Fig. 1. Coordinated multi-DBS transmission in FD-RAN.

¢..p are the initial phases of the channel paths, f. is the carrier
signal frequency, and §(-) is the Dirac delta function to model
the unit channel impulse that includes the time delay effect.

B. Coordinated Downlink Data Transmission

As shown in Fig. 1, different DBSs in FD-RAN will coor-
dinately transmit the same signal to a UE and the coordinated
DBS set is defined as D = {1,--- , D}. For OFDM symbol i,
the UE received signal in time domain yfnﬁt(r) is expressed as

Zadhd rt

where ay4 and h§,7,7t(7) denote the pathloss and the CIR
between DBS d and the UE, respectively, z*(7) and n’(7)
are the transmit symbol and received noise in time domain,
and * denotes the convolution operation. Since OFDM is
typically transmitted in frequency domain, hdrt(’l') 24 (7)
and n(7) will be sampled at a sampling rate of NyAf to
obtain the discrete sequences Ry, ,[n], x*[n], n*[n], and y;. ;[n],
n=020,: — 1, where N, denotes the sampling number
and A f is the subcarrier spacing. Given that different DBSs
transmit the same OFDM symbol to the UE, the signals from
different DBSs can be looked upon as multi-paths transmis-
sion. Therefore, the inter-symbol interference (ISI) caused by
multi-paths effect can be effectively mitigated using the cyclic
prefix (CP) technique. Consider the delay of all paths from
DBS Vd € D to be less than the duration of CP, for a specific
subcarrier k, the discrete UE received signal y:[k] at antenna
r is calculated as the sum of discrete signal y. (k] from all
transmit antennas as follows:

Zyrt Zzhdw

t=1d=1

where 7. ,[k], by . [k], #°[k], and n* [k] are the discrete Fourier
transform (DFT) of ;. [n], aah}, [n], '[n], and n’[n],
respectively. An example of DFT{z%[n]} is given as follows:

yy (T «2'(1) + 0’ (1), 3)

Kl +n'k], (4

N:—1
o'[k] = DFT{z'[n]} = Y a'[n]e 1%:"", (5)
n=0

The detailed derivation of Eq. (4) is provided in Appendix A.

Remark I: The normal CP duration ¢, is defined as 5.21 us
in 3GPP 38.211 [39] for subcarrier spacing Ay = 15 KHz.
The difference distance of multi-paths Ad is calculated by

multiplying the CP duration with the speed of light v, i.e.,
Ad =t X v, to possess the value of 1563 m. Consequently,
the ISI caused by different channel paths of DBS Vd € D
can be eliminated once their propagation distance difference
is less than Ad (1563 m), which satisfies almost all situations
under the coverage range of current 5G BSs.

Consider the MIMO transmission with multiple layer data,
let xi € CNeX1 be the Ny layer transmit data and y§, € CN-x1
be the received signal at subcarrier k£ defined as follows:

i i 7 T
X = [Zl[k]v Ty T, [k” ) (6)
i i i T
Vi = [ilk], -y, (K] (7
Then, Eq. (4) is transformed into
vi =Y (HiWax) x}, +nj, 8)

deD

where W, € CNe*Ne jg the precoding matrix of DBS d to
map the Ny-th layer data x} into N; transmit antenna ports.
H}, € CN-*Nt is the channel matrix with its r-th row and
t-th column H), (r,t) = hi,[k]. n} ~ CN (0,0%Ly,) is
the noise with variance 0. The transmit layer N, should not
exceed the least number of transmit and receive antennas as

1 < max (Vy) < min (N¢, N;.) . 9)

C. Channel Equalization

After UE receives the signal y}'€ from all DBS, a channel
equalization process will be performed using zero forcing (ZF)
or minimum mean square error (MMSE) equalizer. We use
HfCWk € CN-xNe to denote the effective channel matrix as

D
H,W,. = > (H) W), (10)
=1
where Hj, € CN-*PNt and W, € CPNexNe are defined as
}Lg:[ %_JcaaHlD,k]) (11)
T
Wi = Wi, Wp, ] (12)

The equalization process will reverse the channel effects,
thus recovering the received signal to the original transmitted
signal. We consider the ZF equalizer that uses the pseudo
inverse of effective channel matrix H};Wk as

i Hoyri o H

- ((Hka) Hka) (HiW,)",  (3)

where (-)M is the Hermitian transpose and Zi € CNexNe jg
the ZF equalizer for subcarrier & in i-th OFDM symbol. After

filtering the received signal y with Z¢, the post-equalization
symbol vector yi € CV¢*1 can be calculated as

D
V- ziyi -7 (z (W) + n;;>
d=1
= ZH; W, X}, + Z;n},
—_—— ——

CN@XI

(14)

Ei eCNexNe
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where Ei = Z:H} W recovers the received signal for N,
transmit data layers. Based on Eq. (14), we obtain the post-
equalization signal-to-interference-plus-noise ratio SINR}‘C’ !
for layer [ € {1,---, Ny} in the following expression

i 2
|E (D)
X 2 .
S| By G|+ 0230, |20
where E{(l,1’) is the I-th row and the !-th column of Ei.
Through the mitigation of the effective channel effects, post-

equalization SINR offers a more accurate representation for the
received signal quality after the channel equalization process.

SINR} , =

, (15)
)|

D. Problem Formulation

To measure the influence of precoding matrix Wy, Vd €
D for coordinated DBSs transmission, the definition mutual
information M based on post-equalization SINR is introduced
in this paper, which is calculated as the sum rate of all spatial
layers based on the channel capacity of Shannon Theory [40]:

Ny
M =Y log, (1 + SINR},, (Wy))
=1

Ny
= log, <1+
=1

EL(1,0)] >
Soa B + 02 2, |23
(16)

The basic idea to choose the optimal precoding matrix is to
find W}, = [WTTk, ceey Wj}}:k]T that maximizes the mutual
information over the total system bandwidth and subframe
duration, i.e., over subcarrier- (1,...,K) and temporal-range

of OFDM- (1,...,1), as can be expressed as follows:
K I
W7 = arg ohax ZZMk (Wy)
k 1i=1
l
= arg max_ Z Z Z logy (1+SINR} ), (17)
k=1i=1 =1
where W = {Wl}lel is the predefined L layer precoding

matrices with WV, being the [-th layer precoding matrix set. If a
precoding matrix W, € W, the transmit layer is determined
by rank(Wdﬁk) = [. Therefore, once W7 is given, we can
obtain the optimal transmit layer N,* for DBS d € D

Ny* =1 =rank (W(’;k) , vdeD, (18)
and rank(W1 ;) = rank(Wy ) = --- = rank(Wp ;) since
DBS d € D will transmit the same OFDM symbols and
possesses the same transmit layer.

For CQI selection of transmissions from multi-DBS, we fol-
low the single BS-UE connection strategy that averages the
post-equalization SINR over the frequency-time resources of
interest. Effective SINR mapping (ESM) methods map several
post-equalization SINR values into an equivalent SNRqg value
of an additive white gaussian noise (AWGN) channel [41].
The equivalent AWGN channel has similar block error rate

(BLER) to the original OFDM system. A general mathematical
expression of ESM is given by

1 SINRP®
SNReg = B! (Npe Zf( 3 )) (19)

pe=1

where the value of ( is predefined in 3GPP 38.214 [42]
for different MCSs. f can be the exponential function for
exponential effective SINR mapping (EESM) method, and
NPe is the total number of post-equalization values SINRP®.
The result of SNReg corresponds to the CQI that specifies the
modulation scheme and coding rate.

The UE throughput is jointly decided by PMI, RI, and CQI.
Instead of dynamically updating these parameters through real-
time CSI feedback, the feedback-free scheme will employ
fixed PMI, RI, and CQI across all subframes. The objective
is to find the optimal PMI, RI, and CQI of each location to
maximize the UE throughput. Consequently, we can maxi-
mize the expectation of mutual information to obtain W7,
ie.,

zzmwﬂ, (20)

Then, SINR};’Z (W73) will be taken into Eq. (19) to cal-
culate the optimal CQI. However, the expectation of mutual
information is difficult to obtain given the continuous channel
variations over time. Therefore, we leverage the Monte Carlo
method [19] to approximate the expectation with Ny subframe
channels and the objective function is reformulated as

Ny K I N
N le ; z; ; log, (1 +SINR},, ) 21a)
s.t. 1 <max(Ng) < min (N, N,.), (21b)
Wd,k S WNW Nee L, Vke K, VdeD, (2lc)
rank (Wd)k):Ng, Ny € [,7 Vk € K:, Vd € D, (21d)

[Warll,=1, VkeKk, vdeD. (2le)

Eq. (21a) aims to maximize the average N; frame mutual
information, i.e., Nif Z;\Zl SR SSE L M (W))], thereby
replacing the expectation operation E[-] in Eq. (20). Con-
straint (21b) bounds the minimum and maximum number of
transmit layers. Contraints (21c) and (21d) ensure that W
of all DBS d € D belong to the N,-th layer precoding matrix
set with £ = {1,---,L}. || - || in constraint (21e) is the
Frobenius norm that guarantees the precoding matrix is scaled
with unit power. Subsequently, the optimal precoding matrix
‘W7 . obtained by problem (21) will be used in the calculation
of SNREH using the EESM method, which transforms the
Eq. (19) as

SNReg = _6
Ny SINR;, '

K I Ny
In NfKINZ > z_: 2:: P 3

f=1k=1i=11
(22)
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where N;yKIN; is the total number of the post-equalization
SINR values. The final CQI is obtained by looking up the
SNR to CQI Mapping_Table [22] as

Mapping_Table (SNReg) — CQL. (23)

IV. PROPOSED FEEDBACK-FREE SOLUTION

In this section, we first propose a transformer encoder based
HRL algorithm to obtain optimal precoding matrices under
a specific subframe. The higher tier of HRL network will
select the option for transmit layers and the lower tier will
sequentially output the Q-values for all precoding matrices.
Subsequently, a conditional diffusion model is employed to
generate a representative channel hj,, Vk € K for the original
Ny subframe channel matrices, transforming problem (21) into

K I Ny ,
>3 Tlog, (1+ SINR (ki)

max (25a)
NeWar (i3 15
st. (21a) — (21e). (25b)

Then, a transmit layer N, and a precoding matrix W ;, can
be obtained by solving problem (25) based on the output of
the proposed HRL network and the generated representative
channel. The obtained transmit layer N, and the precoding
matrix Wy will be fixed over the Ny subframe channels,
thus providing a feasible solution to problem (21). In addition,
the generated representative channel will be used to calculate
the post-equalization SINR to obtain the optimal CQI based
on Eq. (22) and Eq. (23).

A. Transformer Encoder Based HRL Algorithm

Fig. 2 presents the proposed HRL framework to train a
codebook selection strategy based on geolocation information.
We define the training state, action, and reward as follows.

1. Select MIMO transmit layer

P —ﬁ
Transmit I by 0"

layer 1 = —

2. Select precoding matrix

£ .
Subcarrier

L] Q-values forall W L - ,L
( Loss Function L(6:a)

¥ (sp, {ALa}d 11

Transformer encoder based HRL framework for codebook selection by using geolocation information.

1) State: The feedback-free transmission mechanism will
select physical layer parameters only through geolocation
information. Therefore, the three-dimensional coordinates p,,
Py» and p, of the UE position p are used as the state informa-
tion. Besides, in order to model the feature of subcarrier, the

onehot(k) € C'*¥ encoding for subcarrier k is introduced,
with its k’-th element expressed as
1 ifk =k
onehot (k) = ! K =1 K. (26)
0 else
Consequently, the network state is formulated as
s’; = [Pz, Dy, Pz, onehot (k:)]T, Vk e K. 27)

2) Action: In the HRL framework, we exploit two-tier
actions to jointly optimize the RI and PMI. Each DBS is
modeled as an agent to choose their own actions. For agent
d, if the selected transmit layer is [ € £, we define the higher
tier action for DBS d as A}}*" = I. The maximum value of
A}”gh is limited to min (N,hNT), ensuring that the transmit
layer does not exceed the least number of transmit and receive
antennas in constraint (21b). Based on the transmit layer [,
each DBS agent will choose the precoding matrix W, for
the low tier actions AY® from the I-th layer precoding set W,
for all subcarrier k € K. Therefore, we formulate the HRL
action {A; 4}2_, for all DBS agents with [ transmit layers as

Abish — 1 1 e L, vd e D,
Afjow = {Wl,k; e 7WD,/C}'

Wq k€W, VdeD

{Aa}, = (28)

Remark 2: We leverage the predefined Type I codebook
Wrirypel {Wl}lel for the HRL action. 3GPP 38.214
[42] defined the layer 1 to layer 8 precoding matrix for
Type I codebook. The number of precoding matrices in the
set of W, is denoted as Nyy,. In this paper, we leverage

2mqyy -1 2mqyy -2

= = di Ny o SN ow
VQtl,ml_rqtlantl—dlag<|:]_e 19t @ Nt Oty e

L 2m(ngy Ofy +ap)-1 i 2m(ngy Oty +4ty)-2

; 27 (ng; Ogq +ap; ) (Nyy —1)

2may, (Ngy —1) 27r'nt11 2wy 2 2wy (N —1) 7T
J— N0, 1 M ¢ M L. Nty

=1|1e Nty Oty e N¢p Oty . e

Ntl Otl

:| 7qt1:0517"'7Ot1_17nt1:0a1a"'7Nt1_1'
(24)
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the multi-agent mechanism that enables each DBS agent
to independently generate its actions, thereby avoiding the
exponential dimensionality O(N‘%l) for the action space of
D DBSs. The basic idea of precoding matrix component is
to use an over-sampled rotation factor r with coefficient ¢ to
refine the DF'T beam v. We give an example of DFT beam

27r'nt1 iQﬂW,tl-(Ntl—l)
Vi, 1 M ...¢ Nty € CNuxlpn, =
0,1,---,Ny — 1 for N, UPA horizonal antennas. The

over-sampled value is denoted as Oy, and the rotation factor
ry, € CNu*New with ¢, = 0,1,---,0;, — 1 is given in
Eq. (24), as shown at the bottom of the previous page. Based
on the DFT beam basis, we provide the formulation of
Type I codebook in Appendix B.

3) Reward: When the UE position p is obtained from the
environment, we employ the encoder module of transformer to
sequentially input the states of all subcarriers, i.e., sp7 Vk e I,
which is indicated by s;, = {s},, - - ,sff }. Subsequently, for a
specific s;,, we define the reward function for action {A; 4}2_,
as the sum of mutual information as

I N

ZZZl% (1+ SINRj, ).

k=1i=11=1

V(sp; {Ara}i1) (29)

Therefore, maximizing the reward will maximize the objective
function (21a) when Ny = 1. Meanwhile, all DBS agents
will use the higher tier action of transmit layer [ to choose
a precoding matrix from WV, thus ensuring compliance with
constraints (21b) and (21d). The precoding matrices in Type I
codebook are normalized with unit power, thereby guarantee-
ing the satisfaction of constraint (21e).

In the encoder module of the transformer, for transmit layer
[, each DBS agent d will output Qy, ,(sp, A;,q) for for all Ny,
precoding matrices in precoding set W as

Qel,d (Spv Al,d) =

1 Nw, T
Qﬁ’z,d (SIH Al,d)v R QQL,d (SIH ‘Al,d )}

(30)

where 6; 4 denotes the layer ! network parameters of DBS
agent d. To determine the higher tier action for each training
epoch, we calculate the sum of the maximum Qp, ,(sp, A1,q)
of all D agents, i.e., ZlemaxAhd Q6, (sp, A1,q), which
serves as a score indicator to identify the best transmit layer
I. The higher tier action A" is finally obtained with a
probability of 1 — € 4nign to choose the best layer, and with a
probability of € gnign to randomly select from £ as follows:

D
hioh arg 1}163‘2{ (Zd_l I_IA}?‘;{ Q0,4 (Sp; Al,d)) )
A= with prob. =1 — € gnign, @D
leLl, with prob. = € gnign.

The probability €4rign in Eq. (31) will linear decays with
Ac gnign to guarantee that a better transmit layer is selected
during the training process. In the transformer encoder module,
the scaled dot-product attention with multi-heads [43] is
employed to capture the inherent correlations between the
subcarriers of an OFDM symbol. The state of each subcarrier
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will be first embedded into a tensor of d,,, features as follows:

s;mb = embedding ([Sll)a T vSII){]T) ’

(32)

through a fully connected (FC) neural network. Consider that
the head number is Ny, we define the components of query
Ql 0 key K Ld> and value Vhd in the scaled dot-product
attention for the h;-th head of layer l and agent d as

Ql = SembX

K} _smbxf‘;gz € L,d €D, h; €[1,Ngl,
h; em
Via=sp sz d

(33)

X{Q/K/V}h

where ¢ denotes the h;-th head network parameter

with ]‘f;;; features for the query, key, and value components,
respectively. The output of the h;-th attention is calculated by

Qld( ) Vh
V m/NH b

in which ’Z;hd possesses the feature number ]‘f;z and operation
softmax is to utilize the exponential function to normalize the
output vector. The outputs of Ny heads will be concatenated
into a tensor with d,, features, which will be fed forward
through residual block, layer normalization, and FC layer to
obtained Qp, ,(sp, As,q) for precoding matrices in W;. For
simplicity, we use R(-) to indicate these processes as

Qo,.4(sp; Ara) =R ([E}d, 77;ZH]T) .

’];hd = softmax ( 34

(35)

Algorithm 1 Transformer Encoder Based HRL Algorithm.

1 Input: Three-dimensional coordinates p,, py, and p..
2 Output: The Qy, ,(sp, A;q) values of precoding matrix.
3 for Episode e =1,2,--- /Ng do

4 Arbitrarily obtain a position p from the environment;
5 Obtain s§ with onehot encoding based on Eq. (27);
6 Obtain the state of all subcarriers s, = {srl)7 e ,sff ;
7 if prob. =1 — € gnign then
3 Ahzgh
argmaXje . (Zc[l):l maxua4, 4 QGL,d(Sp’ 'Al,d));
9 else
w | | A =1e{1, 2, - L)
11 end
12 for DBS agent ¥d € D do
13 Compute Qg, ,(sp,Ai,q) using Eqgs. (32) - (35);
14 Obtain current A; 4 based on e-greedy strategy;
15 Obtain (sp, {Aj.q} ;) based on Eq. (29);
16 Store [sp, Ard,V(Sp, {A1,a}2,)] in replay buffer;
if e > batch size N, then
17 ‘ Update [ layer network using Egs. (36)-(37)
18 end
19 end
20 Update € phigh with € phigh $— € phigh — AEAMgh
21 end

22 Utilization: Obtain optimal MIMO transmit layer [* and
precoding matrix W ; based on max4, , Qp, ,(Sp, A1,a)-
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Denote the number of training episode as Ng, for episode
e, current action A7 ; will be selected by an e-greedy strategy,
i.e, with probability e to choose an action obtained from
max 4, , Do, ,(Sp, Ai,a) and with probability 1—e to randomly
choose any action. A7 ; will be taken into the calculation of
the current reward (sp, {Af ;}7-,) based on Eq. (29) and
will be stored in a reply buffer for batch-size training. Let
the number of batch-size be V., the loss function for the
{[ses A} 4s7(Sps {.Ale’d}g):l)]}év:el tuples is expressed as

~Y(Ses {Aid}dD:I)Hz :

(36)

N,
1 e
L(Hl,d) = 9N, Z H Q@z,d(sea Aid))_
€ e=1

According to the loss function, the /-th layer network param-
eters of agent Vd € D will be updated using gradient descend
approach with a learning rate of o, which is formulated as

L (gl,d) s le ,C, Vd € D. 37

The detailed procedures of the proposed transformer encoder
based HRL algorithm is given in Algorithm 1.

01,0 < 01,0 —aVy, ,

B. Conditional Diffusion Model for Channel Generation

The optimization problem Eq. (21) involves the calculation
of mutual information over N; subframe channels, which
is computationally prohibitive for traditional model-based or
rule-based methods. To adapt to the N time-varied channels,
we employ conditional diffusion model to generate a represen-
tative channel for Algorithm 1, thus reducing the long-term
computation overhead throughout the transmission process.

In the diffusion model depicted in Fig. 3, the original chan-
nel h is sampled from its data distribution hg ~ g(hl|k). The
label of subcarrier k is used as the conditioning information to
provide more fine-grained channel representation in frequency
domain. A forward process wherein random noise will be
gradually added to the time-varied channel data is modeled as
a Markov chain and the noise is assumed to obey the Gaussian
distribution with a variance of b,t € [0,7]. Therefore, the
forward diffusion process is defined as

q (ht|ht—17 k) =4q (hl|ht—1)

=N (ht; \/fbtht—la th) )

(38)

Conditional diffusion model for representative channel generation with the subcarrier information.

where the condition k is proved to be an independent vari-
able [44]. Consequently, the posterior probability from the
original data hg to the final ht can be formulated by

T
g (harlho k) = [ ] ¢ (Plbus, k)
t=1

(39)

- ﬁN (P v/T=bihu 1, bi1)
t=1

The forward noise adding process can be directly obtained
given an arbitrary time step t with the following closed-form

v 1—>bh_1+ \/17151—1

= aheoy + VI aEs
@ Vaa—1he o + /1 — aai_ 182

o Vaho + V1 = aeo,

wherein &—g.r ~ N (0,I) and ) is obtained by

Var — atG—1€—2 + V 1—agi1= vV 1 —aai—16-2, (41)

which is upheld based on the sum property of two Gaussian-
distributed variables as

N (0,071) + N (0,031) ~ N (0, (0F 4+ 03) I).
Therefore, the channel h; with added noise at time step
t € [1,T] can be obtained by the following distribution
hi ~ q (h|ho, k) = q (h|ho)
=N (hi Vaho,(1—a)T).  (43)
After T time steps of the noise addition process, the
channel hy will follow an isotropically independent Gaussian
distribution. In consequence, we can sample a data point
from N (0,I) and execute a reverse diffusion process to
obtain a representative channel from the original channel data
distribution as hj ~ q(h|k). The reverse process is tractable
when hg is known, which can be calculated as
q (hi—1]he, ho, k) = q (he—1|hy, ho)
©) q (hi—1|ho)
= q(hhi1) ——7—=
(h|hi1) o (hulho)

3 ~ ~
(:) N (ht—l; e (hta h’07 k) ) th) )

(40)

(42)

(44)
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Algorithm 2 Conditional Diffusion Algorithm.

Input: The original channel data h( of subcarrier k.
Ouput: A representative channel hj ~ g(hl|k).
repeat

Obtain an original channel hg ~ g(hl|k),

Obtain t ~ Uniform({1,...,T}),

Obtain Gaussian noise €’ ~ N (0, 1),

Obtain €y (ﬁho + V1 —aeg',t, k) through Unet,
Take gradient descent step with

Vol|le' — eo (Vaho + vI—ae',t, k) H2

9 until The noise predicted network €g converges;

10 Obtain hy ~ N(0,1),

11 for sampling step t =T,--- ;1 do

12 Obtain z ~ N(0,1I) if t > 1, else z = 0,

| Obtain by = = (o= ey (bt k) + bz

® NN T R W N -

14 end
s Utilization: Generate representative channel for Vk € K.

-

wherein 2 is based on the Bayes’ rule and fi,(hy, ho) in @

is calculated by
a1 1—a.
ﬂt(ht,ho,k’):@tho+\/‘i( Qg 1)h

I 1—a,

t

@ 1 b,

= — | hy — —=¢e(h,t,k 45
\/GT[ ( t HE( (SR} ))7 ( )

where @ is derived by reparameterizing h; using Eq. (43) as

ht (h;()7 €) == \/ah0+\/ 1— dté‘(ht, t7 k) (&‘(h[, t, k) ~ ./\/‘(07 I)

is simplified as €). Therefore, we have

1
h’O = ﬁ (ht (h07€) — \/1 - (_ltE) 5
and thus the result of f,(hy, ho, k) in Eq. (45) can be obtained.
Besides, b in Eq. (44) is formulated as

(40)

= 1—a4

b = b ~ by. A7)

1 —a

. .. 3 .
The details for the derivation of ® can be found in [45].
As a consequence, the training process of diffusion is to exploit
a parameterized model py to approximate the reverse process

Po (ht—1|ht7 k) :N (ht—l; 127 (hta t, k) 703 (ht7 t, k) I) ) (48)

the mean value g (hy,t, k) of which is constructed as
]. bt

hotk) = —— (hy — ——

Me( t ) \/a—l < t m&‘e
with eg(hy,t, k) denoting a Gaussian noise computed by the

noise predicted network ey. The variance of the predicted
noise is assumed to possess a fixed value and is formulated as

o3 (hy,t, k) = by.

(Pt k)) ;o (49)

(50)

Therefore, the reverse process can be executed by sampling
h(_1 ~ pg(h(_1|h,) with the reparameterization technique as

h’tfl = €09 (htatak))

z ~ N(0,1I).

1(h_br
va " VI—a

+ th, (51)

The optimization for the noise predicted network g is to
use the variational bound on the negative log likelihood of
po(holk) as the loss function

po (hr.olk) ]
E[-lo holk)|<E, | —log ———————~ | =:L (eg),
- tog o (o) <, |~ tog 2] p )
(52)
where pg(hr.0|k) is defined as
1
po (hrolk) == po (hrlk) [ po (ealhi k). (53)

=T
Through effective verification in [45], a simpler loss func-
tion based on a variant of the variational bound is given by

L'(e0) = B |[l€ = €0 (Vatho + VT=ae,tk) ]
(54)

in which &’ ~ N(0,I) is the sampling Gaussian noise. The
network of gy exploits a U-Net framework that consists of
down-sampling Sy and up-sampling S,, processes to predict
the noise. The down-sampling module leverages convolutional
layers followed by max pooling operation to reduce the spatial
dimension and increase the feature number. The up-sampling
modules uses transposed convolutions to inversely increase the
spatial dimension and reduce the feature representation. In U-
Net, the label of conditional subcarrier £ will first perform the
Onehot encoding and be embedded with FC layers as

C°™ (k) = embedding (Onehot (k)), Vke K. (55)

The time step t will also be embedded to combine with
C*™ (k) for refining the output of the up-sampling process in
U-Net, which is expressed as

T°"(t) = embedding (t), Vte {1,---,T}, (56)
with the combination operation defined as
ﬁﬂ:(ﬁmwwspﬁmmﬁ@%, (57)

where & indicates the concatenation operator and j is the j-th
module in the U-net. Once the training of the noise predicted
network converges €9, we can generate representative channels
for all subcarriers Vk € IC. Through conditioning on subcarrier
k, the channel dimensionality is significantly reduced, which
alleviates memory usage and speeds up calculations in each
step, enabling a more efficient channel generation process for
the diffusion model. The detailed procedures of the proposed
conditional diffusion model is given in Algorithm 2.
Finally, we give the overall feedback-free mechanism for
multi-DBS transmission in Algorithm 3. The fixed trans-
mission parameters of PMI, RI, and CQI are obtained based
on UE positions using Algorithm 1 and Algorithm 2.
The proposed conditional diffusion network will first gen-
erate a representative channel matrix from Ny time-varied
channels. The Ny channels are no needed to be stored after
the diffusion model has been trained to convergence, thereby
avoiding excessive consumption of cache resources. Subse-
quently, the generated representative channel is employed to
attain the transmit layer (RI) and precoding matrix (PMI)

Authorized licensed use limited to: Nanjing University. Downloaded on April 02,2025 at 11:34:10 UTC from IEEE Xplore. Restrictions apply.



XU et al.: FULLY-DECOUPLED RAN FOR FEEDBACK-FREE MULTI-BS TRANSMISSION IN MIMO-OFDM SYSTEM 789

Algorithm 3 Feedback-Free Transmission Mechanism.

Input: The original channel data and UE position.
Ouput: The fixed physical layer transmission parameters.
for Each position p do

Generate a representative channel Hj, Vk € K based
on Algorithm 2,

5 Use the representative channel in Algorithm 1 to
obtain transmit layer /N; and precoding matrix W ;,
6 Calculate the post-equalized SINR based on Eq. (15),
7 Calculate SNReg using EESM method with

SNRyg = g1 (Nlpe O (%)) ,
8 Mapping_Table (SNReg) — CQI

BOW N -

9 end
10 Utilization: Fix PMI, RI, and CQI for all time periods.
TABLE I
PARAMETERS SETTINGS
Parameters Values Parameters Values
DBS transmit antenna N 16 UE receive antenna N, 4
DBS dual-polarized 8 x 1 UE single-polarization | 4 X 1
Number of DBS D 2 Number of UE position 1138

Number of subcarrier K 72 |Number of OFDM symbol| 14

Center frequency 3.5 GHz Coding scheme LDPC
Subframe number N, 100 CQI value range 1-15
Subframe duration 1 ms Transmit layer V; 1-4

through the transformer encoder based HRL framework,
which will be used to calculated the post-equalization SINR
with Eq. (15). By leveraging the EESM method, the post-
equalization SINR of Ny subframes is equivalent to a value
of SNReg, through which we can obtain the CQI value from
a lookup Mapping_Table as expressed in Eq. (23).

V. SIMULATION RESULTS

In this section, we conduct simulations based on the 5G
Link Level Simulator [22] to evaluate the performance of the
proposed transformed encoder based HRL algorithm and the
conditional diffusion model. We use the Outdoor 1 scenario
provided by DeepMIMO [46] as shown in Fig. 4. The 3D
ray-tracing technology and CDL channel model in MATLAB
are utilized to simulate the time-varied channels operating at
3.5 GHz center frequency. We consider a simulation setting
consisting of 2 DBS and 1138 UE positions, the position
coordinates of which are illustrated in Fig. 5. The DBS equips
8 x 1 dual-polarized transmit antennas with Ny = 16, and a
UE has 4 x 1 singel-polarized receive antennas with N, = 4.
A transmission subframe includs 72 subcarriers and 14 OFDM
symbols, with a duration of 0.1 ms. We utilize 100 subframes
to simulate the time-varied channels, which possess a total
time period of 10 ms and are assumed to approximate a
wide-range channel variation. Besides, this paper employs
LDPC channel coding and CQI values ranging from 1 to 15,
covering code efficiencies from QPSK at 0.1523 to 64QAM at
5.5547. Based on the complete physical-layer module, we can
obtain the UE throughput with the amount of successfully
transmitted data per unit of time, measured in megabits per
second (Mbit/s) within this paper. The calculation for the
UE throughput is associated with the bit error rate (BER),
which can be expressed as Throughput = (1 — BER) x

Fig. 4.
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number of transmitted bits per second. The detailed
parameter settings are presented in Table I.

A. UE Throughput Performance in 1-Th Subframe

We first validate the performance of transformer encoder
based HRL (T-HRL) algorithm in one specific subframe.
Fig.6 shows the training process of precoding matrix selec-
tion for 2 DBSs. Since the minimum transmit and receive
antennas is 4, the training action will select the precoding
matrix from 1 to 4 layer precoding set {W,}{ ;. If using
a centralized network to output the Q-values for all 4 layer
actions, the large action size will make the network difficult
to converge thus resulting in the worst training performance.
The proposed HRL outperforms the 1 network training but
is slightly worse than using 4 independent networks for the
4 layer precoding actions. This is due to the essential property
that HRL algorithm is a trade-off between the 1 network
and 4 networks training. For the proposed T-HRL algorithm,
transformer encoder sequentially outputs the actions for all
subcarriers within an OFDM symbol, which is a more fine-
grained subband transmission scheme compared with the other
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three training mechanisms. Therefore, the T-HRL possesses
the best training performance.

Based on the training results of the T-HRL algorithm,
we obtain the PMI, RI, and CQI in one subframe, which is
used to validate the feedback-free mechanism of FD-RAN.
A heuristic codebook iteration (HCL) method that traverses all
precoding matrices with a linear complexity is used as the per-
formance benchmark. HCI can be looked upon as a feedback
mechanism, thereby possessing the best performance. Note
that the detailed process of the HCI method is provided in
Appendix C. Another comparative method is the CLSM mech-
anism, which is currently employed as an optimal transmission
scheme in 5G wireless networks. However, its application
to multi-BS transmissions is computationally prohibitive due
to its exponential complexity in iterating the codebook for
all BSs. As shown in Fig.7, the feedback-free mechanism
in FD-RAN, when utilizing the T-HRL training, achieves up
to 97% UE throughput of the HCI method and significantly
enhances the performance of the CLSM transmission. This
result demonstrates the efficiency of feedback-free transmis-
sion within a single subframe. Furthermore, we present the
performance gain for the fine-grained subband transmission
scheme, enabled by the transformer encoder, with the sum
mean UE throughput in Fig.7 and the cumulative distribution
function (CDF) in Fig.8. Nevertheless, when utilizing the PMI,
RI, and CQI calculated in one subframe consistently across all
100 subframe transmission periods, the 2 DBSs feedback-free
mechanism possesses almost the same throughput as 1 DBS
CLSM mechanism, which indicates a need for physical-layer
parameter optimization in time domain.

UE throughput in MBit/s

Fig. 9. The heatmap of UE throughput based on location.
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Fig. 10. Throughput enhancement based on 1-st subframe parameters.
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Fig. 11. Comparison of the throughput between FD-RAN, CLSM, and HCIL.

B. Performance Over 100 Subframes

We further evaluate the performance of conditional diffusion
model in adapting to dynamically changing channels. The
U-net structure down-samples the channel matrices in the pro-
cess of (16,16) — (7,7) — (1,1), where (16, 16) is obtained
by 2 DBSs, 16 transmit antennas, 4 receive antennas, and
2 elements of the complex channel values. We sample a repre-
sentative channel generated by the conditional diffusion model
based on the original 100 subframe channels. Fig. 9 illustrates
the heatmap of the UE throughput at 1138 locations using
the PMI, RI, and CQI calculated by the representative chan-
nel. The heatmap roughly demonstrates a certain correlation
between the throughput and the geographical location. Fig. 10
presents the performance comparison with the transmission
using the parameters calculated in one subframe. To better
elaborate the benefits brought by diffusion model, we give the
sum mean throughput of the 1138 UE poistions in Fig. 11.
The simulation result shows that the 2 DBSs feedback-free
transmission based on the generated representative channel
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Fig. 12. The bit error rate of 1138 UE positions in FD-RAN.
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Fig. 14. UE throughput of GAI methods with different subframe numbers.

can enhance the UE throughput by 13% compared to 1 DBS
CLSM and reach 94% performance of the HCI method.
After performing a complete 2 DBSs coordinated physical-
layer transmission, the BERs of the feedback-free mechanism
at the 1138 UE locations are given in Fig. 12. Most of
the BERs are distributed between 10~2 and 10—, which is
an acceptable range for a wireless communication system.
Besides, the CDF and mean BER values are depicted in
Fig. 13. The 2 DBSs HCI and 1 DBS CLSM mechanism
possess the minimum BER values since they are operated on
a feedback mechanism. The BER of the feedback-free mecha-
nism has been significantly reduced after channel decoding and
is less than the transmission with one subframe parameters,
which further validates the efficiency of the diffusion model.
Finally, we compare the feedback-free transmission perfor-
mance with an averaged reward method and a conditional VAE
approach in [19]. The detailed procedures of VAE for repre-
sentative channel generation are provided in Appendix D. The
averaged reward method uses the average Ny frame mutual
information as the reward in the T-HRL training to adapt to Ny

subframe channels. The simulation results in Fig. 14 validate
the effectiveness of this method, however, it can only be used
within 10 subframe due to the exhausted computation capacity
in the fine-grained subcarrier transmission. The conditional
VAE can find a best channel representation in the latent space,
thus performing better than the conditional diffusion model in
the case of only one generated channel. As the number of
generated channel increases, the conditional diffusion model
possesses the highest UE throughput, which demonstrates
extensive capability in reconstructing the representative chan-
nel for complicated time-varying channels.

VI. CONCLUSION

In this paper, we have investigated the feedback-free
mechanism in FD-RAN for coordinated multi-BS transmis-
sion through UE geolocation. The optimization for fixed
physical-layer transmission parameters have been formulated
to maximize the UE throughput within the spatial, frequency,
and time domains, respectively. Considering the stochastic
and unpredictable channel variations of wireless network,
generative Al technique has been employed to create feasible
resolutions for modulation and coding scheme under the
dynamic time-varied environment. Simulation results based
on a versatile link-level simulator have demonstrated the
significant effects of the feedback-free mechanism in facil-
itating the efficient and flexible transmission of multi-BS
coordination, which offers a guiding principle for the design of
next-generation transceiver technologies. In our future work,
we will further investigate the implementations of both single
BS and multi-BS connection to improve the overall network
performance.

APPENDIX A
DERIVATION OF EQUATION (4)

We first prove the following equation for transmit antenna ¢,
once the signals from different DBSs are looked as multipaths
and the ISI effect is eliminated during the CP duration

Yi k] = Wy, [Kla' (k] + n'[k], 0 <k < No—1. (58)
deD
By substituting y;.,(7), h, (1), '(7) and n'(7) with
discrete time sequences y;.,[n], hj, ,[n], @*[n], and n’[n],
Eq. (3) is transformed into

yreln] =Y aahiy pyIn] * @' [n] +0'[n],
deD

(59)

in which 0 < n < Ng— 1. Omit the pathloss ag and perform
DFT{y. ;[n]}, then we can obtain y. ,[k] for subcarrier k

Ns—1
. . _iom
vrelk] = Dy nle N
n=0

Ng—1 co D
= > D> . mlatin —m] +n'[n]
n=0 m=0d=1
e IRETE
oo D Ns—1
= { Z Z hfi)m[m] Z z'[n — m]} e iNE Tk
m=0d=1 n=0
+ n'[k]
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N,—1
—Zzhm le RN i ln — m
m=0d=1 n=0
e IR +n'[k]. (60)
Let 5 = n —m, we have
Ns,—1 Ns—1—m
Z z'[n —mle” IR (n—m)k Z a?i[j]efj%jk. (61)
n=0 j=—m

Since CP is a copy of the end part of an OFDM symbol,
xt [j]efjf%j ¥ is periodic with the period of N, once m is less
than the CP duration, which means that the delay of different
channel paths are less than CP duration. Based on the property
of the periodic sequence, we have the following expression

Ns—1-m Ns—1

Yo @il FI = 3 aijle M = 2K, (62)
j=—m 7=0
Consequently, Eq. (60) can be converted to
oco D
yialk] = > D by lmle TR k] 4 i [k]
m=0d=1
D N,—1
=33 hip,lmle IR k] + k)
d=1 m=0
= by, k]2 (k] + 0’ [K]. (63)
deD

Finally, by the sum of discrete signals from all trans-
m1t antennas, we can obtain the received signal yi[k] =
Zt ', yii[k] in frequency domain for subcarrier & and
received antenna 7.

APPENDIX B
TyYPE I CODEBOOK MATRIX
Let n; = n, 0, + q¢,, DFT beam Vi, mi, of the Ny,
horizontal antennas in Eq. (24) can be transformed into

. 27ng -1 27ny -2 L2mng-(Ngy —1) T

j

Vn, = 1 eJ Nt; Ot; o' NeyOry L. eJ N¢y Oty )
nl:()’l""?Othtl_l' (64)
We can obtain the DFT beam v,,,n2 = 0,1,--+, 0, Ny, —

1 in the same form for the N;, vertical antennas with an
over-sampled value O,. A precoding matrix W is basically
composed by wide-band W1 and sub-band W? properties as

W= wiw? = [Brm 0 W2, (65)

0 By ns
where B,,, », denotes the Kronecker product of v,,, and v,,,
Bnh”Q = Vn, @ Vn,, (66)

and W2 is designed for dynamic beam selection under dif-

ferent antenna polarizations. For layer 1 precoding matrices,
2 1 T . .

we have W2 = ————[e, pp,,e] with co-phasing ¢,,, as

/2Ni, Ne,

1 Bn1 no
Wi e = 7 [ W ] . 6D
QNthtz PnsPni,ng
Oy =€ n3=0, 1, 2, 3. (68)

We also give the expression of layer 4 precoding matrix as
follows. The details can be obtained in 3GPP 38.214 [42].

@) _ 1
Brina  Briny Bri na Brg ny
PrgBrina PngBniny = PngBrine = PngBnging
(69)
APPENDIX C

HEURISTIC CODEBOOK ITERATION METHOD

The HCI method first uses a precoding matrix of DN,
transmit antennas W, € CPNt to obtain the physical-layer
transmission parameters. Then, Eq. (6) can be reformulated as

Wi

Yi = [Hig, , Hp 1] : Xp + ng. 0,
Wp i

—_———
W;GCDNtXNl

Subsequently, we can obtain an optimal precoding matrix

ch* by maximizing the following mutual information
K I ‘
W, B Lzl ;Mé (Wﬁc)l » (71)
and the transmit layer for all DBS d € D is attained by
N* = rank (W},"). (72)

However, we cannot direct obtain Wy ;,Vd € D since
W, i belongs to the precoding set of [V; transmit antennas,
which is different from W/, € CP™t. Therefore, we propose
the following heuristic codebook iteration procedure for obtain
the optimal precoding matrix of W75 ,

[H1,k,Ho kW]

Lk oy Wik 2,k

HCI

[Hl,kv"'vHD,k];W;{kv”'aWZ(D—l) k D
: — W7, = {Wy,"
o Dok {War by,
(73)
where the operation Sor can be expressed as
K I
Wi, = maxE S M (Wi, Waix)| . (74)
d,k
’ k=1 i=1

Finally, the CQI is obtained based on Eq. (22) - Eq. (23).

APPENDIX D
CONDITIONAL VAE FOR CHANNEL GENERATION

The conditional VAE first compresses the original Ny time-
varying channels into NNy latent variables using an encoder
module. These latent variables are assumed to follow Gaussian
distributions with their mean values and variances denoted
by py and o-?, f = 1,---, Ny, respectively. Subsequently,
the conditional VAE will exploit a decoder module to recover
Ny channel matrices based on the Ny latent variables. With
regard to the objective to generate a representative channel,
a representative latent variable is selected to be the input of
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the VAE decoder module. The representative latent variable
can be decided with its mean value and variance closest to
the average mean value fi and variance &> over N + latent
variables, which is expressed by

(1 =1)" (s — 1)

+ (03 -a%)" (03 -5%). (9

arg min
fe{l, - Nr}

Consequently, a representative latent variable can be sam-
pled based on the selected mean value and variance to generate
a representative channel by the VAE decoder for the original
N time-varying channels.

REFERENCES

[11 Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent
reflecting surface-aided wireless communications: A tutorial,” /EEE
Trans. Commun., vol. 69, no. 5, pp. 3313-3351, May 2021.

[2] J. Zhao et al., “Fully-decoupled radio access networks: A resilient uplink
base stations cooperative reception framework,” IEEE Trans. Wireless
Commun., vol. 22, no. 8, pp. 5096-5110, Aug. 2023.

[3] J. Zheng, J. Zhang, E. Bjornson, and B. Ai, “Impact of channel aging
on cell-free massive MIMO over spatially correlated channels,” IEEE
Trans. Wireless Commun., vol. 20, no. 10, pp. 6451-6466, Oct. 2021.

[4] J. Xue, K. Yu, T. Zhang, H. Zhou, L. Zhao, and X. Shen, “Cooperative
deep reinforcement learning enabled power allocation for packet dupli-
cation URLLC in multi-connectivity vehicular networks,” IEEE Trans.
Mobile Comput., vol. 23, no. 8, pp. 8143-8157, Aug. 2024.

[5] R. Zhang, K. Xiong, Y. Lu, B. Gao, P. Fan, and K. B. Letaief, “Joint
coordinated beamforming and power splitting ratio optimization in MU-
MISO SWIPT-enabled HetNets: A multi-agent DDQN-based approach,”
IEEE J. Sel. Areas Commun., vol. 40, no. 2, pp. 677-693, Feb. 2022.

[6] B. Qian et al., “Enabling fully-decoupled radio access with elastic
resource allocation,” IEEE Trans. Cognit. Commun. Netw., vol. 9, no. 4,
pp. 1025-1040, Aug. 2023.

[7]1 NR; Multiplexing and Channel Coding, Standard (TS) 38.212, Version
17.2.0, 3GPP, 3rd Generation Partnership Project, 2022.

[8] C. You, B. Zheng, and R. Zhang, “Channel estimation and passive
beamforming for intelligent reflecting surface: Discrete phase shift and
progressive refinement,” IEEE J. Sel. Areas Commun., vol. 38, no. 11,
pp. 2604-2620, Nov. 2020.

[9] S. Chen, J. Zhang, E. Bjornson, O. T. Demir, and B. Ai, “Energy-efficient
cell-free massive MIMO through sparse large-scale fading process-
ing,” IEEE Trans. Wireless Commun., vol. 22, no. 12, pp. 9374-9389,
Dec. 2023.

[10] M. Silva, L. Ramalho, I. Almeida, E. Medeiros, and A. Klautau,
“CSI compression for distributed-MIMO with centralized precoding and
power allocation,” IEEE Commun. Lett., vol. 27, no. 6, pp. 1535-1539,
Jun. 2023.

[11] R. Zhang, K. Xiong, Y. Lu, D. W. K. Ng, P. Fan, and K. B. Letaief,
“SWIPT-enabled cell-free massive MIMO-NOMA networks: A machine
learning-based approach,” IEEE Trans. Wireless Commun., vol. 23, no. 7,
pp. 6701-6718, Jul. 2024.

[12] Q. Yu et al., “A fully-decoupled RAN architecture for 6G inspired by
neurotransmission,” J. Commun. Inf. Netw., vol. 4, no. 4, pp. 15-23,
Dec. 2019.

[13] T.Zhang et al., “Handover-free multi-connectivity mobility management
for downlink FD-RAN: A hierarchical DRL based approach,” IEEE
Trans. Cognit. Commun. Netw., early access, Aug. 30, 2024, doi:
10.1109/TCCN.2024.3452639.

[14] Z. Liu, M. Liwang, S. Hosseinalipour, H. Dai, Z. Gao, and L. Huang,
“RFID: Towards low latency and reliable DAG task scheduling over
dynamic vehicular clouds,” IEEE Trans. Veh. Technol., vol. 72, no. 9,
pp. 12139-12153, Sep. 2023.

[15] Y. Xu, B. Qian, K. Yu, T. Ma, L. Zhao, and H. Zhou, ‘“Federated
learning over fully-decoupled RAN architecture for two-tier computing
acceleration,” IEEE J. Sel. Areas Commun., vol. 41, no. 3, pp. 789-801,
Mar. 2023.

[16] C. You and R. Zhang, “Hybrid offline-online design for UAV-enabled
data harvesting in probabilistic LoS channels,” IEEE Trans. Wireless
Commun., vol. 19, no. 6, pp. 3753-3768, Jun. 2020.

[17] Z. Liu et al., “Leveraging self-supervised learning for MIMO-OFDM
channel representation and generation,” 2024, arXiv:2407.07702.

[18] J. Wang et al., “A unified framework for guiding generative Al with wire-
less perception in resource constrained mobile edge networks,” IEEE
Trans. Mobile Comput., vol. 23, no. 11, pp. 10344-10360, Nov. 2024.

[19] J. Liu, J. Chen, Z. Liu, and H. Zhou, “Enabling feedback-free
MIMO transmission for FD-RAN: A data-driven approach,” 2023,
arXiv:2311.14329.

[20] X. Hou, J. Wang, C. Jiang, Z. Meng, J. Chen, and Y. Ren, “Efficient
federated learning for metaverse via dynamic user selection, gradient
quantization and resource allocation,” IEEE J. Sel. Areas Commun.,
vol. 42, no. 4, pp. 850-866, Apr. 2024.

[21] Evolved Universal Terrestrial Radio Access (E-UTRA); Physical Layer
Procedures, Standard 38.212, Version 17.2.0, 3GPP, 3rd Generation
Partnership Project, 2022.

[22] S. Pratschner et al., “Versatile mobile communications simulation: The
Vienna 5G link level simulator,” EURASIP J. Wireless Commun. Netw.,
vol. 2018, no. 1, p. 226, Dec. 2018.

[23] B. Zheng, C. You, W. Mei, and R. Zhang, “A survey on channel estima-
tion and practical passive beamforming design for intelligent reflecting
surface aided wireless communications,” IEEE Commun. Surveys Tuts.,
vol. 24, no. 2, pp. 1035-1071, 2nd Quart., 2022.

[24] F. Qamar, K. B. Dimyati, M. N. Hindia, K. A. B. Noordin, and
A. M. Al-Samman, “A comprehensive review on coordinated multi-
point operation for LTE-A,” Comput. Netw., vol. 123, pp. 19-37,
Aug. 2017.

[25] A. Bletsas, A. Lippman, and J. N. Sahalos, “Simple, zero-feedback,
distributed beamforming with unsynchronized carriers,” IEEE J. Sel.
Areas Commun., vol. 28, no. 7, pp. 1046-1054, Sep. 2010.

[26] S. Hanna, E. Krijestorac, and D. Cabric, “Destination-feedback free
distributed transmit beamforming using guided directionality,” IEEE
Trans. Mobile Comput., vol. 22, no. 10, pp. 5858-5869, Oct. 2023.

[27] W. B. Chikha, M. Masson, Z. Altman, and S. B. Jemaa, “Radio environ-
ment map based inter-cell interference coordination for massive-MIMO
systems,” IEEE Trans. Mobile Comput., vol. 23, no. 1, pp. 785-796,
Jan. 2024.

[28] S. Wang et al., “Location-aware coordinated beamforming for high
mobility cell-free mmWave systems,” IEEE Wireless Commun. Lett.,
vol. 13, no. 3, pp. 899-903, Mar. 2024.

[29] H. Du et al., “Enabling Al-generated content services in wireless
edge networks,” IEEE Wireless Commun., vol. 31, no. 3, pp. 226-234,
Jun. 2024.

[30] Z. Liu, Y. Zhao, S. Hosseinalipour, Z. Gao, L. Huang, and H. Dai,
“TDRA: A truthful dynamic reverse auction for DAG task scheduling
over vehicular clouds,” IEEE Trans. Veh. Technol., vol. 73, no. 3,
pp. 4337-4351, Mar. 2024.

[31] J. Wang et al., “Generative Al for integrated sensing and communication:
Insights from the physical layer perspective,” IEEE Wireless Commun.,
vol. 31, no. 5, pp. 246-255, Oct. 2024.

[32] J. Ji, L. Cai, K. Zhu, and D. Niyato, “Decoupled association with
rate splitting multiple access in UAV-assisted cellular networks using
multi-agent deep reinforcement learning,” IEEE Trans. Mobile Comput.,
vol. 23, no. 3, pp. 2186-2201, Mar. 2024.

[33] J. Xu, Z. Zhou, L. Li, L. Zheng, and L. Liu, “RC-struct: A structure-
based neural network approach for MIMO-OFDM detection,” [EEE
Trans. Wireless Commun., vol. 21, no. 9, pp. 7181-7193, Sep. 2022.

[34] M. Xu et al., “Unleashing the power of edge-cloud generative Al in
mobile networks: A survey of AIGC services,” [EEE Commun. Surveys
Tuts., vol. 26, no. 2, pp. 1127-1170, 2nd Quart., 2024.

[35] H. Du et al., “Enhancing deep reinforcement learning: A tuto-
rial on generative diffusion models in network optimization,” 2023,
arXiv:2308.05384.

[36] H. Ye, G. Y. Li, B. F. Juang, and K. Sivanesan, “Channel agnostic end-
to-end learning based communication systems with conditional GAN,”
in Proc. IEEE Globecom Workshops (GC Wkshps), Dec. 2018, pp. 1-5.

[37] M. Kim, R. Fritschek, and R. F. Schaefer, “Learning end-to-end channel
coding with diffusion models,” in Proc. 26th Int. ITG Workshop Smart
Antennas 13th Conf. Syst. Commun. Coding (WSA SCC), Feb. 2023,
pp. 1-6.

[38] Study on Channel Model for Frequencies From 0.5 To 100 GHz, Standard
(TR) 38.901, Version 17.1.0, 3GPP, 3rd Generation Partnership Project,
2022.

[39]1 NR; Physical Channels and Modulation, Standard (TS) 38.211, Version
18.1.0, 3GPP, 3rd Generation Partnership Project, 2024.

[40] S. Schwarz, C. Mehlfiihrer, and M. Rupp, “Calculation of the spatial
preprocessing and link adaption feedback for 3GPP UMTS/LTE,” in
Proc. Wireless Adv., Jun. 2010, pp. 1-6.

Authorized licensed use limited to: Nanjing University. Downloaded on April 02,2025 at 11:34:10 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TCCN.2024.3452639

794 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 43, NO. 3, MARCH 2025

[41] X. He, K. Niu, Z. He, and J. Lin, “Link layer abstraction in MIMO-
OFDM system,” in Proc. Int. Workshop Cross Layer Design, Sep. 2007,
pp. 41-44.

[42] NR; Physical Layer Procedures for Data, Standard (TS) 38.214, Version
18.1.0, 3GPP, 3rd Generation Partnership Project, 2024.

[43] A. Vaswani et al., “Attention is all you need,” in Proc. Adv. Neural Inf.
Process. Syst., vol. 30, Jun. 2017, pp. 5998-6008.

[44] J. Wang et al., “Generative artificial intelligence assisted wireless sens-
ing: Human flow detection in practical communication environments,”
IEEE J. Sel. Areas Commun., vol. 42, no. 10, pp. 2737-2753, Oct. 2024.

[45] J.Ho, A. N. Jain, and P. Abbeel, “Denoising diffusion probabilistic mod-
els,” in Proc. Adv. Neural Inf. Process. Syst., Jan. 2020, pp. 6840-6851.

[46] A. Alkhateeb, “DeepMIMO: A generic deep learning dataset for mil-
limeter wave and massive MIMO applications,” in Proc. Inf. Theory
Appl. Workshop (ITA), Feb. 2019, pp. 1-8.

Yunting Xu received the B.S. degree in communica-
tion engineering from Nanjing University, Nanjing,
China, in 2017, where he is currently pursuing
the Ph.D. degree with the School of Electronic
Science and Engineering. His current research inter-
ests include B5G/6G networks, vehicular ad hoc
networks, and cybertwin-enabled dynamic resource
management and optimization in the field of emerg-
ing wireless networks.

Zongxi Liu received the B.S. degree in electrical
engineering and automation from Nanjing Normal
University, Nanjing, China, in 2022. He is cur-
rently pursuing the M.S. degree in communication
engineering with Nanjing University, Nanjing. His
research interests include transmission schemes for
B5G/6G networks and machine learning for wireless
communications.

Bo Qian (Member, IEEE) received the B.S. and
M.S. degrees in statistics from Sichuan University,
Chengdu, China, in 2015 and 2018, respectively, and
the Ph.D. degree in information and communica-
tion engineering from Nanjing University, Nanjing,
China, in 2022. From 2022 to 2024, he was a Post-
Doctoral Fellow with the Peng Cheng Laboratory,
Shenzhen, China. He is currently the NII Project
Researcher of the National Institute of Informatics,
Tokyo, Japan. His research interests include resource
management in B5G/6G networks, SAGIN, and
VANET. He was a recipient of the Best Paper Award from IEEE VTC2020-
Fall.

Hongyang Du (Member, IEEE) received the B.Eng.
degree from the School of Electronic and Infor-
mation Engineering, Beijing Jiaotong University,
Beijing, and the Ph.D. degree from the Interdisci-
plinary Graduate Program, College of Computing
and Data Science, Energy Research Institute @
NTU, Nanyang Technological University, Singapore.
He is currently an Assistant Professor with the
Department of Electrical and Electronic Engineer-
ing, The University of Hong Kong. His research
interests include edge intelligence, generative Al,
semantic communications, and network management. He was a recipient of the
IEEE Daniel E. Noble Fellowship Award from the IEEE Vehicular Technology
Society in 2022, the IEEE Signal Processing Society Scholarship from the
IEEE Signal Processing Society in 2023, Singapore Data Science Consortium
(SDSC) Dissertation Research Fellowship in 2023, and the NTU Graduate
College’s Research Excellence Award in 2024. He served as the Editor-in-
Chief Assistant for IEEE COMMUNICATIONS SURVEYS AND TUTORIALS
from 2022 to 2024, an Editor for IEEE TRANSACTIONS ON VEHICULAR
TECHNOLOGY, and the Guest Editor for IEEE Vehicular Technology Maga-
zine. He was recognized as an Exemplary Reviewer of IEEE TRANSACTIONS
ON COMMUNICATIONS and IEEE COMMUNICATIONS LETTERS.

Jiacheng Chen received the Ph.D. degree in
information and communications engineering from
Shanghai Jiao Tong University, Shanghai, China,
in 2018. From 2015 to 2016, he was a Visit-
ing Scholar with the BBCR Group, University of
< Waterloo, Canada. Currently, he is an Assistant
- Researcher with Peng Cheng Laboratory, Shenzhen,
China. His research interests include fully decoupled
po radio access network technologies. He has served as
g\ the Guest Editor for IEEE INTERNET OF THINGS
JOURNAL and the Workshop Co-Chair for IEEE/CIC
ICCC from 2021 to 2024. He was a recipient of the Journal of Communi-
cations and Information Networks (JCIN) Best Paper Award in 2016 and the
Chinese Institute of Electronics (CIE) Outstanding Scientific Paper in the Field
of Electronic Information in 2020.

Jiawen Kang (Senior Member, IEEE) received
the M.S. and Ph.D. degrees from Guangdong Uni-
versity of Technology, China, in 2015 and 2018,
respectively. He was a Post-Doctoral Researcher
with Nanyang Technological University, Singapore,
from 2018 to 2021. He is currently a Full Professor
with Guangdong University of Technology. His main
research interests include blockchain, metaverse, and
AIGC in wireless communications and networking.

Haibo Zhou (Senior Member, IEEE) received the
Ph.D. degree in information and communication
engineering from Shanghai Jiao Tong University,
Shanghai, China, in 2014. From 2014 to 2017,
he was a Post-Doctoral Fellow with the Broadband
Communications Research Group, Department of
Electrical and Computer Engineering, University of
Waterloo. He is currently a Full Professor with
the School of Electronic Science and Engineering,
Nanjing University, Nanjing, China. His research
interests include resource management and protocol
design in B5G/6G networks, vehicular ad hoc networks, and space-air-
ground integrated networks. He was a recipient of the 2019 IEEE ComSoc
AsiaPacific Outstanding Young Researcher Award, the 2023 IEEE Com-
Soc WTC Outstanding Young Researcher Award, the 2023-2024 IEEE
ComSoc Distinguished Lecturer, and the 2023-2025 IEEE VTS Distinguished
Lecturer. He served as the Track/Symposium Co-Chair for IEEE/CIC ICCC
2019, IEEE VTC-Fall 2020, IEEE VTC-Fall 2021, WCSP 2022, IEEE
GLOBECOM 2022, IEEE ICC 2024, and IEEE GLOBECOM 2024. He is
an Associate Editor of IEEE TRANSACTIONS ON WIRELESS COMMUNICA-
TIONS, IEEE INTERNET OF THINGS JOURNAL, IEEE Network Magazine,
and Journal of Communications and Information Networks.

Dusit Niyato (Fellow, IEEE) received the B.Eng.
degree from the King Mongkut’s Institute of Tech-
nology Ladkrabang (KMITL), Thailand, and the
Ph.D. degree in electrical and computer engineering
from the University of Manitoba, Canada. He is
currently a Professor with the College of Com-
puting and Data Science, Nanyang Technological
University, Singapore. His research interests include
mobile generative Al, edge intelligence, decentral-
ized machine learning, and incentive mechanism
design.

Authorized licensed use limited to: Nanjing University. Downloaded on April 02,2025 at 11:34:10 UTC from IEEE Xplore. Restrictions apply.



