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Abstract Introducing reconfigurable intelligent surfaces (RISs) greatly improves the wireless propagation

environment. Limited to feedback overheads and computing power, the low-complexity precoding and the

cost-effective beamforming implementation are urgently demanded in RIS-empowered millimeter-wave cloud

radio access networks (mmWave C-RANs). Herein, an optical true time delay pool-based hybrid beam-

forming (OTTDP-based HBF) scheme, enabling centralized analog beamforming control, is proposed for

RIS-empowered mmWave C-RANs. By using codebook quantization techniques, we develop a non-iterative

limited feedback (NI-LF) precoding algorithm for the RIS-empowered mmWave C-RAN using the proposed

OTTDP-based HBF. In the NI-LF precoding algorithm, the complex joint optimization problem of hybrid

precoding and phase-shifting of RIS is equivalently formulated as a maximum ratio transmission (MRT)

problem and a sparse reconstruction problem. For an active antenna unit (AAU) equipped with eight anten-

nas, a designed example of the proposed OTTDP is presented. Furthermore, for a RIS-empowered mmWave

C-RAN at 28 GHz, the received signal-to-noise ratio (SNR) curves obtained via different precoding schemes

are compared and discussed. Compared with the precoding without RIS, the proposed NI-LF precoding by

using different codebooks to quantize the phase-shifting of the RIS respectively achieves 20.56, 19.55, and

18.93 dB performance improvement for the user located near the 49-element RIS. Moreover, performance

degradations due to limited feedback are analyzed. The computational complexity and overhead of the

proposed NI-LF precoding algorithm are also given and discussed.

Keywords reconfigurable intelligent surface, optical true time delay, millimeter-wave, cloud radio access

network, limited feedback
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1 Introduction

Emerging bandwidth-demanding services such as 4K/8K high-definition video and augmented/virtual
reality require significant bandwidth [1]. New radio (NR) standard, including millimeter-wave (mmWave)
frequencies, has been launched [2]. mmWave communications spanning a wide frequency range can
provide a data rate of Gbps [3,4]. Yet, the excessive path and penetration losses at mmWave frequencies,
especially at the frequency of 60 GHz, make the coverage of a mmWave access point (AP) smaller
compared with that of a microwave AP [5]. The gain generated from multiple-input multiple-output
(MIMO) technologies is essential to compensate for the excessive path and penetration losses at mmWave
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frequencies [6,7]. Moreover, to meet the requirement in 5G hot-spot scenarios, plentiful mmWave APs are
densely deployed. Cloud radio access networks (C-RANs) provide an attractive approach to connecting
these dense mmWave APs [8] and offer several benefits such as high spectral efficiency, low energy
consumption [9, 10].

In the 5G C-RAN with evolved common public radio interface-based (eCPRI-based) fronthaul1), a base
station is split into three layers which are the central unit (CU), the distributed unit (DU), and the ac-
tive antenna unit (AAU). Radio-over-fiber (RoF) technologies are considered to be the most competitive
candidates to transmit data between DU and AAU [8]. Generally, RoF can be divided into two cate-
gories that are analog RoF (A-RoF) and digital RoF (D-RoF). Compared with D-RoF, A-RoF achieves
transparent fronthaul and good optical spectral efficiency [11]. Therefore, A-RoF is more appealing when
introducing MIMO into 5G C-RANs [12]. In mmWave communications, based on the perfect channel
state information (CSI), hybrid beamforming (HBF) systems can achieve close-to-optimal performance
by using a few radio frequency (RF) chains [13, 14]. Compared with fully-digital MIMO systems, the
HBF systems are easier to implement and more energy-efficient. Besides, HBF significantly improves
spectral efficiency through spatial multiplexing compared with analog beamforming [15].

Two approaches to analog beamforming in HBF are achieved by the electrical phase shifter and optical
true time delay (OTTD) [16]. Although analog beamforming by using electrical phase shifters is cost-
effective, it suffers from beam squint for wideband signals. Optical analog beamforming is not affected
by the beam squint issue and also has other advantages, for instance, low energy consumption, low loss,
and large bandwidth. Especially, introducing optical analog beamforming into mmWave C-RAN systems
allows seamlessly interfacing with the fronthaul networks [8]. Generally, there are two approaches to
optical beamforming. One approach to photonic beam steering is achieved by using dispersive media.
The common dispersive materials include optical true time delay lines (OTTDLs) [17] and fiber Bragg
gratings [18]. The other approach to photonic beam steering is achieved by tuning the wavelength of
optical carriers, for instance, using a tunable laser source [19] or selecting appropriate optical carriers
from a series of uniformly-spaced optical comb lines [15].

However, supporting mmWave HBF effectively is still a major challenge for mmWave C-RANs [8].
Specifically, in the 5G C-RAN with eCPRI-based fronthaul, the control algorithm for beamforming is
assumed to reside in the CU/DU, and analog beamformers or their weight control modules (WCMs) are
deployed into all AAUs. In other words, the CSI between AAUs and their service users is fed back to
the CU/DU and the precoding for different AAUs is then computed. Feedback on perfect CSI requires
lots of feedback overheads, especially for the mmWave C-RAN with plentiful AAUs. Therefore, it is
important to design HBF schemes and facilitate the codebook-quantization-based limited feedback for
mmWave C-RANs [20–23]. In this case, the CSI is only known at the user and the precoding is then
computed. Two widely-used codebooks in practice are the beamsteering (BS) codebook [22, 24] and
the discrete Fourier transform-based (DFT) beam codebook [25]. Moreover, the traditional physical
implementation of a beam codebook is based on the weight control of the antenna array. For both optical
and electrical approaches [8, 26], the WCMs are generally deployed at the front end of C-RAN systems,
i.e., AAUs. Because mmWave AAUs are densely deployed, deploying beamformers or WCMs into each
AAU inevitably leads to high operating expenditure and capital expenditure. To this end, we propose
centralized beamforming by using optical true time delay pools (OTTDPs) [27, 28], where the WCM of
analog beamforming for every AP can be physically deployed in the central office. Yet, this centralized
beamforming belongs to analog beamforming which cannot obtain the spatial multiplexing gain.

Recently, reconfigurable intelligent surfaces (RISs) as an emerging wireless technology have received
considerable attention [29–32]. The RISs consisting of massive passive reflecting elements greatly improve
the wireless propagation environment via software-controlled reflection [33]. Therefore, introducing the
RISs into mmWave C-RANs with beamforming can further improve the system performance. For a
RIS-empowered wireless system, the close-to-optimal performance can be achieved by the alternating
optimization (AO) algorithm [34,35]. Yet, in the AO algorithm, the perfect CSI between AAUs and their
service users is required, where the fully-digital precoding is also required at the transmitter, i.e., an AAU.
Although hybrid precoding has been introduced into RIS-empowered mmWave wireless systems [36, 37],
the perfect CSI is also required. Limited to fronthaul networks of RIS-empowered mmWave C-RANs [38],
the feedback of the perfect CSI is difficult to realize. It is worth noting that some pioneering studies have
also considered the imperfect CSI case [39,40]. Besides, the fully-digital precoding and the phase-shifting

1) Common public radio interface: eCPRI interface specification. [2019-05-10]. http://www.cpri.info/downloads/eCPRI v 2.

0 2019 05 10c.pdf.
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of RIS are usually obtained by multiple iterations. Because the precoding calculations for all AAUs are
completed in the CU/DU, the requirement for computing power in the CU/DU is strict. Therefore, for a
RIS-empowered mmWave C-RAN system, the low-complexity precoding with limited feedback is urgently
demanded.

In this work, we present an optical true time delay pool-based hybrid beamforming (OTTDP-based
HBF) scheme for RIS-empowered mmWave C-RANs. In this OTTDP-based HBF scheme, WCMs of
analog beamforming, i.e., the OTTDPs are decoupled from all AAUs and then centralized in the CU/DU.
Taking an AAU as an example, the principles and the physical implementation of the proposed OTTDP-
based HBF scheme are introduced. Instead of a series of tunable optical filters (TOFs), only a passive
wavelength demultiplexer (Demuxer) is employed in each AAU. Because the structure of a mmWave AAU
using the OTTDP-based HBF is simple, the dense deployment of mmWave AAUs becomes easy.

To deal with the limitation of feedback overheads and computing power, we develop a non-iterative
limited feedback (NI-LF) precoding algorithm for RIS-empowered mmWave C-RANs. In the developed
precoding, the codebook used for analog precoding at an AAU is determined by the pre-designed OTTDP
and the phase-shift values of RIS are selected from a two-dimension (2D) codebook. Based on the NI-LF
precoding, the complex joint optimization problem of hybrid precoding and the phase-shifting of RIS is
equivalently formulated as a maximum ratio transmission (MRT) problem and a sparse reconstruction
problem. Furthermore, the solutions to the two problems can be respectively computed without iterative.
To verify the feasibility of the developed NI-LF precoding algorithm, the results obtained by exploiting
a 2D DFT codebook and 2D BS codebooks with different sizes are given and discussed.

Moreover, we employ capital bold type for a matrix e.g., HRU, small bold type for a vector e.g., pw,
and italic type for a scalar e.g., MA. The superscripts (·)H, (·)T, and (·)− respectively represent the
Hermitian transpose, the transpose, and the generalized inverse of a matrix. The symbol ‖·‖F denotes
the Fourier norm.

2 Principles

2.1 Channel model and limited feedback for RIS-empowered C-RANs

In a RIS-empowered mmWave C-RAN, the received signal at the user is composed of signals sent by the
serving AAU and RIS, as depicted in Figure 1. We assume that the AAU and the user are equipped
with an MA-element uniform linear array (ULA) and MU-element ULA, respectively. Moreover, the
RIS modeled as a uniform planar array (UPA) possesses MR reflecting elements. Consider a single-user
scenario and the AAU equipped with NRF

t RF chains perform HBF. The received signal can be expressed
as [32, 34, 35]

y = HEF
p
RFF

p
BBx+ n = (HRUΦHAR +HAU)F

p
RFF

p
BBx+ n, (1)

where HE denotes the total channel in the RIS-empowered mmWave C-RAN, HRU ∈ CMU×MR denotes
the wireless channel between the RIS and the user termed as the RIS-User channel, HAR ∈ CMR×MA

denotes the wireless channel between the AAU and the RIS termed as the AAU-RIS channel, and HAU ∈
CMU×MA denotes the wireless channel between the AAU and the user termed as the AAU-User channel.
In (1), F p

RF ∈ CMA×NRF
t and F

p
BB ∈ CNRF

t ×Ns represent the hybrid analog and digital precoding matrices,
and Φ ∈ CMR×MR represents the diagonal phase-shift matrix for the RIS. Moreover, x ∈ CNs×1 is the
symbol vector with N s data streams and n is the additive white Gaussian noise (AWGN) with zero mean
and variance σ2, i.e., n ∼ CN (0,σ2).

The wireless channel at mmWave frequencies can be modeled by the extended Saleh-Valenzuela
model [13, 14]. Specifically, the mmWave wireless channels HAU, HAR, and HRU are written as

Hqp =

√

NqNp

β(i)(dqp)Lqp

Lqp
∑

l=1

ρ
(i)
l αp(αq)

H, (2)

where q ∈ {A,R}, p ∈ {R,U} and Lqp is the number of propagation paths in Hqp. Moreover, ρ
(i)
l = ρ

(LoS)
l

or ρ
(NLoS)
l that denotes the complex gain of the lth line-of-sight (LoS) path or non-line-of-sight (NLoS)

path, where ρ
(LoS)
l ∼ CN (0, σLoS) and ρ

(NLoS)
l ∼ CN (0, σNLoS) [41]. Besides, β(i)(dqp) = β(LoS)(dqp) or
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Figure 1 (Color online) Structure of the proposed OTTDP-based HBF and limited feedback for RIS empowered mmWave C-

RANs, where (a) physical implementation of the OTTDP and (b) schematic diagram of interconnection matrix MIC are illustrated.

β(NLoS)(dqp) that represents the large-scale fading of an LoS or NLoS path, where dqp ∈ {dAR, dAU, dRU}
is the distance illustrated in Figure 1. Specifically, the large-scale fading β(i)(dqp) is expressed as [42]

β(i)(dqp) = ξ0 + 10κ(i) log10(dqp) + ε, (3)

where ξ0 is the least square fit of floating intercept over dqp, and κ(i) = κ(LoS) or κ(NLoS) that is the loss
exponent of an LoS or NLoS path. Moreover, ε represents the lognormal shadowing variance.

The array responses αp and αq in (2) are only related to the structure of the transmitting and receiving
antenna array [14]. For a ULA with M antennas on the y-axis, the array response is given by

α(φ) =
1√
M

[

ej
2π

λmm
d sin(φ)(Λ(M)−1)

]T

, (4)

where φ is the azimuth angle of arrival, λmm is the wavelength of transmit mmWave signals, d is the
inter-antenna spacing, and Λ = [1, 2, . . . ,M ]. For a UPA with W antennas on the y-axis and H antennas
on the z-axis, the array response can be stated as

α(φ, ϕ) =
1√
WH

[

ej
2π

λmm
d((Λ(W )−1) sin(φ) sin(ϕ)+(Λ(H)−1) cos(ϕ))

]T

, (5)

where φ and ϕ are the azimuth and elevation angles of arrival. Specifically, the MR-element RIS can also
be modeled as an MR-element UPA, where MR = WH .

For wireless communication systems, an important performance criterion is the received signal-to-noise
ratio (SNR) at the user, actually the application of wireless power transfer [32]. According to (1), in the
RIS-empowered mmWave C-RAN using HBF, the received SNR can be written as

SNR =
||(HRUΦHAR +HAU)F

p
RFF

p
BB||

2

F

σ2
. (6)

Therefore, the optimal precoding matrices F
p
BB, F

p
RF, as well as Φ can be designed by maximizing

the received SNR expressed in (6). Generally, introducing mmWave beamforming into the 5G C-RAN
with eCPRI-based fronthaul, the control algorithm for beamforming is assumed to reside in the CU/DU,
but beamformers or their WCMs are physically implemented in AAUs. Therefore, the beamforming
control data must be transmitted from the CU/DU to AAUs, which wastes a lot of fronthaul bandwidth.
Moreover, for the RIS-empowered mmWave C-RAN, the optimization of phase-shifting of RISs must be
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considered simultaneously. Besides the CSI of HAU, HAR, and HRU is also required to be known in the
CU/DU to compute the optimal precoding matrices. Since the RIS generally comprises a large number of
reflecting elements, it brings a great challenge to the uplink fronthaul. To reduce the feedback overhead,
a practical way is to perform limited feedback precoding.

For a limited feedback system, the general idea is that the user knows wireless channels and then
quantizes precoding matrices by using vector quantization techniques [20]. Naturally, a codebook R that
is known to both the transmitter and the receiver can be employed to compute the analog precoding
matrix. It is worth noting that the dimensions of digital matrices are relatively small compared with that
of analog matrices. Moreover, the quantization for the digital matrices has been studied well in the prior
work, for instance, the work in [43]. Herein, we focus on the quantization for the analog matrices, i.e.,
F

p
RF and Φ, and the digital precoding matrix F

p
BB is assumed to be perfectly fed back. After quantizing,

the receiver sends the quantization labels to the transmitter, i.e., the limited feedback. Based on the
MRT [44] criterion, the precoding optimization problem in the RIS-empowered mmWave C-RAN with
limited feedback and HBF can be stated as

max
F

p

RF,F
p

BB,Φ
SNR

s.t. F p
RF ∈ RA,

ϕ =
(

ejϕ1 , . . . , ejϕi, . . . , ejϕMR

)

∈ RR,

0 6 ϕi 6 2π, ∀ i = 1, 2, . . . ,MR,

‖F p
RFF

p
BB‖

2

F 6 p0, (7)

where RA and RR are the codebooks used for analog precoding at the AAU and the phase-shifting at the
RIS, and p0 denotes maximum transmit power. Moreover, ϕ in (7) is a beamsteering vector belonging
to RR, where Φ = diag(ϕT) = diag(ejϕ1 , ejϕ2 , . . . , ejϕMR ) and ϕi is the phase-shift value applied by the
ith reflecting element of RIS and adjusted by the RIS controller.

2.2 OTTDP-based HBF for RIS-empowered mmWave C-RANs

In the proposed OTTDP-based HBF, the analog beamforming for all AAUs is physically implemented
in the CU/DU. Therefore, the control beamforming data do not need to send to each AAU. On the
other hand, by using limited feedback, only quantization labels are sent to the CU/DU and the RIS,
respectively. Take the implementation of an AAU as an example, Figure 1 schematically shows the
OTTDP-based HBF and limited feedback for RIS-empowered mmWave C-RANs.

The pre-designed OTTDP is physically built based on a series of uniformly-spaced optical carriers
(USOCs), as depicted in Figure 1(a). These USOCs are generated from an optical comb generator
(OCG). Assume that m USOCs are required and the wavelengths of them are termed as pw = {λi|λi =
λ1 + (i− 1)∆λ, 1 6 i 6 m}, where λ1 denotes the wavelength of the first USOC, and ∆λ represents the
spacing between two adjacent USOCs. Inspired by the codebook-based beamforming [20,21], the limited
feedback can be achieved based on a codebook. Therefore, we map pw to a beam steering matrix Mλ

which is stated as

Mλ =















λ11 λ12 · · · λ1K

λ21 λ22 · · · λK

...
...

. . .
...

λMA1 λMA2 · · · λMAK















= [pw
1 ,p

w
2 , . . . ,p

w
K ] , (8)

where λrh represents the hth element in the rth row of Mλ and each element of the Mλ represents an
optical wavelength in the pw. Moreover, the sth column of Mλ termed as pw

s is corresponding to a
specific beam mode ϑs, where the adjacent elements in pw

s have a fixed difference of s∆λ.
The physical implementation of Mλ is also shown in Figure 1(a). A passive Demuxer whose channels

match pw is used to separate the m USOCs. These separated USOCs are mapped and then multiplexed
by K passive wavelength multiplexers (Muxers). Using an L-km single-mode fiber (SMF) to introduce
OTTD, the phase-shift difference ∆ϕuv between the u-th and the v-th elements in pw

s satisfies that

∆ϕuv = 2πfmm(λus − λvs)DL = 2πfmm(u − v)s∆λDL, (9)
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where fmm = (c/λmm) denotes the center frequency of the transmit mmWave signals and D represents
the dispersion coefficient of the SMF. Note that the L-km SMF can also be used as a fronthaul link, as
illustrated in Figure 1. Assuming that the length of the fronthaul link is LF , the remaining SMF with
the length of (L − LF ) can be put into the CU/DU or the AAU. After introducing OTTD, a codebook
Rλ corresponding to Mλ is obtained and expressed as

Rλ =
1√
MA















1 1 · · · 1

ej∆ϕ ej2∆ϕ · · · ejK∆ϕ

...
...

. . .
...

ej(MA−1)∆ϕ ej(MA−1)2∆ϕ · · · ej(MA−1)K∆ϕ















= [v1,v2, . . . ,vK ] , (10)

where ∆ϕ = 2πfmm∆λDL.
Note that Rλ expressed in (10) is also the codebook RA in (7), i.e., RA = Rλ. By using the vs

as a beam steering vector, beam mode ϑs is then formed at the AAU. The phase-shift values in vs are
achieved by using the USOCs with wavelengths denoted by pw

s , where these USOCs are assigned to an
RF chain by an optical switch (OS). Furthermore, we define the mapping of Mλ and the assignment as
the optical cross-connect (OXC) which is illustrated in Figure 1(a).

In the RIS empowered mmWave C-RAN with the OTTDP-based HBF, the limited feedback precoding
can be implemented as follows. Firstly, the precoding matrices F p

BB, F
p
RF, as well as Φ are computed at

the user. On the one hand, the analog precoding F
p
RF is computed based on the codebook Rλ expressed

by (10). On the other hand, we employ a 2D codebook R2D with MC codewords for the quantization
of Φ, i.e., RR = R2D = [u1,u2, . . . ,uMC ]. Moreover, we assume that the RIS modeled as MR-element
UPA has both W antennas on the y-axis and W antennas on the z-axis, i.e., MR = W 2.

Two widely-used codebooks are the DFT codebook and the BS codebook. Specifically, the 2D-DFT
codebook RDFT can be written as [25]

RDFT =
[

uDFT
th

]

t∈Λ(MR),h∈Λ(MR)
=

[

uDFT
1 ,uDFT

2 , . . . ,uDFT
MR

]

, (11)

where the element uth in uDFT
h has the following form that

uth = ej
2π
W

(floor( t−1
W

)×floor(h−1
W

)+((h−1)−(floor(h−1
W

)×W ))×((t−1)−(floor( t−1
W

)×W ))), (12)

where floor(·) represents that rounds the element · to the nearest integer less than or equal to it. Moreover,
the 2D BS codebook Rnm with azimuth and elevation angles of 2π

2n and π

2m is built by [22]

Rnm =

[

√

MRα

(

2 (t− 1)π

2n
,
(r − 1)π

2m

)]

t∈Λ(2n),r∈Λ(2m)

=
[

uBS
1 ,uBS

2 , . . . ,uBS
MBS

]

, (13)

where α is the array response in (5). Note that the number of codewords MBS in the 2D BS codebook
Rnm depends on the quantization accuracy of azimuth and elevation angles, i.e., MBS = 2(n+m).

Secondly, the user feeds back the quantization labels of F p
RF, i.e., (r1, r2, . . . , rNRF

t
) to the CU/DU.

Based on the labels, the NRF
t columns are selected from Mλ to form the matrix F

p
λ , i.e., F

p
λ =

[pw
r1 ,p

w
r2 , . . . ,p

w
r
NRF

t

]. Because USOCs corresponding to NRF
t columns of Mλ are used at the same time, a

constraint that different elements of Mλ cannot be the same is correspondingly imposed on the mapping
of Mλ. Specifically, this constraint is stated as

λur 6= λvg (∀λur , λvg ∈ Mλ, u 6= v, r 6= g). (14)

Since the pre-designed Mλ is mapped from pw, the length of pw is desired to be as small as possible.
Based on the descriptions thus far, the design of Mλ is summarized as

min
m

pw = (λ1, λ2, . . . , λm)

s.t. λur 6= λvg (u 6= v, r 6= g),

λus − λvs = (u− v)s∆λ, ∀λur , λvg, λus, λvs ∈ Mλ. (15)
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After the OXC, the USOCs with wavelengths denoted by F
p
λ are selected from the output of the OCG,

as depicted in Figure 1. Furthermore, after digital precoding according to F
p
BB, the NRF

t RF chains are
modulated on the selected USOCs by electro-optical modulators (EOMs).

Thirdly, after transmitting through the L-km SMF, the required OTTD is introduced into each RF
chain. Instead of a series of TOFs [15], only a passive Demuxer whose channels match the wavelengths
denoted as pw is deployed into each AAU. Thus, introducing the OTTDP-based HBF, the structure of
the AAU is very simple. The modulated USOCs are then separated by the Demuxer deployed in the
AAU. Therefore, we define an interconnection matrix MIC ∈ RMA×m to describe the fixed connection
between the MA-element ULA and m channels of the Demuxer, as shown in Figure 1(b).

The MIC is determined by the beam steering matrix Mλ. The kth element ctk in the tth row of Mλ

is only “1” or “0” that represents the tth antenna (Ant. t) and the kth channel (ch. k) are connected
or not. Due to the non-tunability of the passive Demuxer, each column in MIC contains one element
“1” and (M − 1) elements “0”. Namely, each channel of Demuxer is only connected to one antenna. If
a channel is connected to two antennas at the same time, the USOC corresponding to this channel will
be assigned to the two antennas, which induces crosstalk. Thus, the constraint that elements in different
rows of Mλ cannot be the same should be satisfied. However, according to (14), this constraint is always
satisfied. After detection by photodetectors (PDs), the required phase-shift values are introduced into all
RF chains. Namely, the analog precoding is completed. The AAU transmits the mmWave signals.

On the other hand, the user feeds back the quantization labels of the diagonal phase-shift matrix Φ,
i.e., (l1) to the controller of RIS. In other words, the diagonal phase-shift matrix Φ for the RIS satisfies
that Φ = diag(ul1).

3 Limited feedback precoding for RIS-empowered mmWave C-RANs

For traditional MIMO systems, some close-to-optimal approaches to solving the precoding optimization
problem have been studied, for instance, the MRT. Different from the precoding optimization problem
for traditional MIMO systems, the hybrid precoding in RIS-empowered communication systems must
consider the influence of introducing RIS. Thus, the hybrid analog and digital precoding matrices F

p
RF

and F
p
BB at the AAU, as well as the phase-shift matrix Φ at the RIS should be jointly designed.

Consider a general RIS-empowered system, where the transmitter has the availability of fully-digital
precoding and knows the perfect CSI [34, 35]. According to the maximum received SNR criterion, the
precoding optimization problem for the general RIS-empowered system can be expressed as

max
w,Φ

1

σ2
‖(HRUΦHAR +HAU)w‖2F

s.t. Φ = diag
(

ejθ1 , ejθ2, . . . , ejθMR

)

,

0 6 θi 6 2π, ∀ i = 1, 2, . . . ,MR,

‖w‖2F 6 p0, (16)

where w is the fully-digital precoding at the transmitter. In general, there is no standard method for
solving the non-convex problem (16) optimally [34, 35]. Furthermore, the work in [34, 35] has shown
that the close-to-optimal solution to the precoding optimization problem in (16) can be computed by the
AO algorithm also called the distributed algorithm. The main idea of the AO algorithm is to alternately
optimize the fully-digital precoding matrixw and the phase-shift matrixΦ until the convergence condition
is met. Specifically, fix w and compute Φ. According to the obtained Φ, calculate and update w. When
the convergence condition is satisfied, the close-to-optimal w and Φ are determined.

Although straightforward methods based on the MRT in the AAU-RIS channel (AAU-RIS-MRT) and
the MRT in the AAU-User channels (AAU-User-MRT) have been given in [34, 35], the results based on
the straightforward methods without iterative are unsatisfactory. For a single user equipped with one
antenna, the solution to the precoding optimization problem expressed by (16) based on AAU-User-MRT
is expressed as

wMRT
AU =

√
p0

(HAU)
H

‖HAU‖F
,

θi = ∠
(

HAUw
MRT
AU

)

− ∠ (HRU (i))− ∠
(

HAR (i)wMRT
AU

)

, (17)
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where HRU (i) is the ith element of HRU, HAR (i) is the ith row of HAR, and ∠(·) represents the angle of
(·). Note that phase-shift values of the MR-element RIS are computed one by one. Similarly, the solution
to (16) based on AAU-RIS-MRT can be stated as

wMRT
AR =

√
p0

(HAR (1))
H

‖HAU‖F
,

θi = ∠
(

HAUw
MRT
AR

)

− ∠ (HRU (i))− ∠
(

HAR (i)wMRT
AR

)

. (18)

When the OTTDP-based HBF is performed for the limited feedback RIS-empowered mmWave C-RAN,
the precoding optimization problem in (7) is rewritten as

max
F

p

RF,F
p

BB,Φ

1

σ2
‖(HRUΦHAR +HAU)F

p
RFF

p
BB‖

2

F

s.t. F p
RF = [vr1 ,vr2 , . . . ,vr

NRF
t

] ∈ Rλ,

Φ = diag(ul1), ul1 ∈ R2D,

‖F p
RFF

p
BB‖

2

F 6 p0. (19)

First, we assume that the phase-shift matrix Φ is limited-feedback and the AAU performs the fully-
digital precoding w. The 2D codebook R2D is employed for computing the phase-shifting of RIS. Specif-
ically, the 2D codebook R2D can be the 2D DFT codebook in (11), the 2D BS codebook in (13), and so
on. Correspondingly, the precoding optimization problem expressed in (19) is reduced to

max
w,Φ

1

σ2
‖(HRUΦHAR +HAU)w‖2F

s.t. Φ = diag (ul1) , ul1 ∈ R2D,

‖w‖2F 6 p0. (20)

For any given phase-shift matrix Φ, the precoding optimization problem expressed in (20) can be
rewritten as

max
w

1

σ2
‖HEw‖2F

s.t. ‖w‖2F 6 p0. (21)

Because HE = (HRUΦHAR + HAU) in (21) is fixed, the problem (21) is a typical MIMO precoding
optimization problem. Inspired by the work in [34, 44], the solution to (21) can be computed by

w =
√
p0

HH
E

‖HE‖F
. (22)

For the certain Φ, therefore, the maximum received SNR is equal to
p0‖HE‖2

F

σ2 . Because HE can be
modified by Φ, the optimal phase-shift matrix Φopt is determined by

Φopt = argmax (‖HE‖2F) = argmax (‖(HRUΦHAR +HAU)‖2F)
s.t. Φopt = diag (ul1) , ul1 ∈ R2D. (23)

The optimal phase-shift matrix Φopt can be obtained by (23). Note that the solution to Φopt ex-
pressed as (23) represents the processes of selecting the maximum beamforming gain codeword ul1 from
R2D. Specifically, this codeword selection can be finished by a selection-based protocol [3]. Unlike the
work in [34, 35], all phase-shift values of MR-element RIS are determined at the same time, i.e., (ejθ1,
ejθ2 , . . . , ejθMR ) = ul1 . It is worth noting that only the CSI of the combined channel (HRUdiag(ul1)HAR

+HAU) is required to be perfectly known to the user. After selecting ul1 by the selection-based pro-
tocol, the CSI of the combined channel can be obtained at the user by channel estimation [45] or pilot
training [46].

For the optimal phase-shift matrix Φopt, the optimal fully-digital precoding can be computed by (22),

i.e., wopt =
√
p0(HRUdiag(ul1

)HAR+HAU)H

‖(HRUdiag(ul1
)HAR+HAU)‖F

.
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Therefore, by using the limited feedback on the phase-shift matrix Φ, the complex joint optimization
problem of w and Φ can be computed without an iterative process. Inspired by the original work in [14],
the hybrid analog and digital precoding matrices F p

RF and F
p
BB in (18) can be obtained by solving

min
F

p

RF,F
p

BB

‖wopt − F
p
RFF

p
BB‖

2

F

s.t. F p
RF = [vr1 ,vr2 , . . . ,vr

NRF
t

] ∈ Rλ,

‖F p
RFF

p
BB‖

2

F 6 p0. (24)

Based on the discussion so far, the complex joint optimization problem of F p
RF, F

p
BB, as well as Φ can

be solved by computing (22) and (24), respectively. Moreover, the pseudo-code for the NI-LF precoding
solution is given in Algorithm 1. The solution to (24) can also be found in Algorithm 1, i.e., the for loop.

Algorithm 1 NI-LF precoding for RIS-empowered mmWave C-RANs

Given: HAU, HAR, HRU, Rλ, R2D, and p0;

Initialize: F
p

RF = 0
MA×NRF

t
and F

p

BB = 0
NRF

t
×Ns

;

1: Select the maximum beamforming gain codeword ul1
from R2D;

2: Calculate wopt =
√

p0(HRUdiag(ul1
)HAR+HAU)H

‖(HRUdiag(ul1
)HAR+HAU)‖F

and let Fres = wopt;

3: for i = 1 → NRF
t do

4: Find vt from Rλ by t = arg max
p∈[1···K]

|〈vp,Fres〉| , vp ∈ Rλ;

5: Update F
p

RF via F
p

RF = F
p

RF

⋃
vt;

6: Compute F
p

BB by F
p

BB = ((F p

RF)
H
F

p

RF)
−(F p

RF)
H
wopt;

7: Update Fres by Fres =
wopt−F

p
RF

F
p
BB

‖wopt−F
p
RF

F
p
BB

‖F
;

8: Satisfy the transmit power constraint by F
p

BB =
√

p0F
p
BB

‖Fp
RF

F
p
BB

‖F
;

9: end for

10: Send the labels (r1, r2, . . . , rNRF
t

) to the CU/DU;

11: Send the label (l1) to the RIS controller.

The computational complexity and overheads of the proposed NI-LF precoding algorithm and the AO
algorithm are shown in Table 1. The computational complexity is provided according to the required
numbers of complex multiplications and divisions. Because wopt in Algorithm 1 is directly obtained
based on the combined channel, it requires no computational complexity. Therefore, the proposed NI-
LF precoding algorithm approximately requires O(NRF

t (K +MA(2K + (NRF
t )2 + 3NRF

t + 2))) times of
multiplications and O(NRF

t (NRF
t +1)(2NRF

t +1)/6) times of divisions. For comparison, the corresponding
results of the AO algorithm are computed. Assuming that the number of iterations is κ, the AO algorithm
requires O(κ(3M2

R + 5MRMA + 2MA)) times of multiplications and no divisions. Generally, the RIS
comprises plentiful reflecting elements, i.e., MR ≫ MA > NRF

t > Ns.

For the AO algorithm, the authors [35] assumed that the CSI of all channels has been perfectly known
at the transmitter. Therefore, the training overhead of the required CSI is positively related to the sizes
of HRU, HAR, and HAU, i.e., MU × MR, MR × MA, and, MU × MA. Specifically, using analog-to-
digital converters with B-bit precision to quantify the required CSI, the training overhead required in the
AO algorithm is equal to (MU ×MR +MR ×MA +MU ×MA) × B bits. However, only the CSI of the
combined channel (HRUdiag (ul1)HAR +HAU) is required in the proposed algorithm. In other words, the
training overhead in the proposed algorithm is related to the sizes of the combined channel, i.e., MU×MA.
Therefore, the training overhead in the proposed algorithm is equal to (MU ×MA ×B) bits. Moreover,
the phase-shift values (ejθ1 , ejθ2, . . . , ejθMR ) should be sent to the RIS controller, and thus the feedback
overhead required in the AO algorithm is equal to (MR ×B) bits. In the proposed NI-LF precoding

algorithm, the digital precoding matrix F
p
BB ∈ CNRF

t ×Ns and the quantization labels (r1, r2, . . . , rNRF
t

)

of the analog precoding matrix F
p
RF are needed to be fed back. Consequently, the feedback overhead

required in the proposed NI-LF precoding algorithm is (Ns ×NRF
t × B +NRF

t × Bλ) bits, where Bλ is
determined by K that satisfies 2(Bλ−1) < K 6 2Bλ and K is the number of codewords in Rλ.
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Table 1 The complexity and overheads of the proposed NI-LF precoding and AO algorithms

The AO algorithm The proposed NI-LF precoding algorithm

Number of multiplications O(κ(3M2
R + 5MRMA + 2MA)) O(NRF

t (K + MA(2K + (NRF
t )2 + 3NRF

t + 2)))

Number of divisions – O(NRF
t (NRF

t + 1)(2NRF
t + 1)/6)

Training overhead (MU × MR + MR × MA + MU × MA) × B (MU × MA) × B

Feedback overhead MR × B Ns × NRF
t × B + NRF

t × Bλ

λ λ λ λ λ λ λ λ λ λ

λ λ λ λ λ λ λ λ λ λ

λ λ λ λ λ λ λ λ λ λ

λ λ λ λ λ λ λ λ λ λ

λ λ λ λ λ λ λ λ λ λ

λ λ λ λ λ λ λ λ λ λ

λ λ λ λ λ λ λ λ λ λ

λ λ λ λ λ λ λ λ λ λ

e e e

e e e

e e e

e e e

e e e

e e e

e e e

(a) (b)

M
λ

Figure 2 (Color online) (a) An example of the 8×10 beam steering matrix Mλ and its corresponding codebook Rλ, and

(b) beam modes corresponding to Rλ.

4 Designed example and result discussion

Consider a RIS-empowered mmWave C-RAN at 28 GHz, where the AAU is equipped with an eight-
elements ULA modeled by (4) and three RF chains, i.e., MA = 8 and NRF

t = 3. Moreover, we assume
that the user possesses a single antenna, i.e., MU = 1. The RIS comprising 49 reflecting elements is
modeled as a 49-element UPA with W = H = 7, i.e., MR = 49. In the proposed OTTDP-based HBF,
the number of beam modes in Rλ is set to be 10, i.e., K = 10. Furthermore, the corresponding Mλ

illustrated in Figure 2(a) is obtained via (14). Because only a passive Demuxer is deployed in the AAU,
the structure of the AAU is low-cost and low-complexity.

According to the quantization labels of F p
RF, the wavelength matrix F

p
λ is determined. The USOCs

with wavelengths corresponding to F
p
λ are then selected after OXC. Specifically, assuming that F

p
λ =

[pw
1 ,p

w
2 ,p

w
3 ], these MA USOCs with wavelengths corresponding to pw

1 are selected and then the first RF
chain is modulated on them. Similarly, the USOCs with wavelengths corresponding to pw

2 and pw
3 are

used to introduce OTTD into the second and the third RF chains. After introducing OTTD by the SMF
and detecting by PDs, the required phase shift is introduced. Moreover, all beam modes corresponding
to Mλ are depicted in Figure 2(b).

For traceability of the analysis, we also assume that the user always lies on the horizontal line parallel
to that between the AAU and the RIS [34, 37]. Furthermore, we set the vertical distance dv illustrated
in Figure 1 to be 2 m. The horizontal distance dh is then defined as d2h = d2AU − d2v. Moreover, the RIS
is assumed to be deployed at a location 45 m away from the AAU, i.e., dAR = 45 m. We consider a
practical scenario that propagation paths between the AAU and the user are the NLoS paths so the RIS is
introduced to proactively modify the unexpected propagation environment. The numbers of propagation
paths in HAU, HAR, and HRU are set to be three, i.e., LAU = LAR = LRU = 3. Other simulation
parameters in the channel models are stated as follows: σ2 = −110 dBm, ξ0 = 61.4 dB, κ(LoS) = 2,

κ(NLoS) = 5, ε ∼ N (0, 5.8), ρ
(LoS)
l ∼ CN (0, 1), and ρ

(NLoS)
l ∼ CN (0, 0.1). Then the mmWave wireless

channels HAU, HAR, and HRU are built by (2). Moreover, p0 in Algorithm 1 is equal to 30 dBm.

Based on different precoding schemes, the logarithmic received SNR (10 log10 SNR) versus the hori-
zontal distance dh is shown in Figure 3, where all results are obtained from 2000 trials. As an upper limit
of the received SNR, the received SNR curve obtained via the AO algorithm [34,35] is given in Figure 3
by plus signs, where the AAU performs fully-digital precoding (AO & FP).

On the one hand, the received SNR curves obtained based on the proposed NI-LF precoding are
illustrated in Figure 3, where the phase-shifting of RIS quantified by the 2D BS codebook R54 (NI-LF
w/ R54), the 2D DFT codebook RDFT (NI-LF w/ RDFT), the 2D BS codebook R43 (NI-LF w/ R43)
is respectively marked by squares, circles, and downward-pointing triangles. Note that the codebook Rλ
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Figure 3 (Color online) Received SNR versus horizontal distance based on different schemes.

used in NI-LF w/ R54, NI-LF w/ RDFT, and NI-LF w/ R43 is shown in Figure 2. On the other hand,
we assume that the codebook-quantization-based (CQ-based) phase-shifting is obtained by R54, RDFT,
and R43, but the AAU performs fully-digital precoding. Correspondingly, the received SNR curves via
RIS w/ R54 & FP, RIS w/ RDFT & FP, and RIS w/ R43 & FP are depicted in Figure 3 by diamonds,
pentagrams, and upward-pointing triangles.

Moreover, the received SNR curves obtained by AAU-User-MRT and AAU-RIS-MRT are shown in
Figure 3 by right-pointing triangles and asterisks. As a comparison with the received SNR curves of
RIS-empowered mmWave C-RANs, the received SNR based on fully-digital precoding without the RIS
is also given and plotted by left-pointing triangles. Specifically, the received SNR without the RIS is
computed via (21), where HE = HAU.

When the user is close to the AAU (dh < 30 m), the received SNR is mainly determined by the AAU-
User channel. Because the user is far away from the location of the RIS, the improvement generated
from the RIS is slight. Therefore, the received SNR by using the RIS is similar to that without the
RIS. Meanwhile, the performance based on AAU-RIS-MRT is poor. When the user gets close to the
RIS (dh > 30 m), the received SNR is greatly improved by introducing the RIS while the performance
based on AAU-User-MRT deteriorates. In other words, the received signal component assisted by the
RIS plays a dominant role in the received SNR. Because the distance between the RIS and the AAU
is 45 m, the user at dh = 45 m gets maximum gain from the RIS. Consequently, we can see a spike at
45 m in Figure 3. As illustrated in Figure 3, about 20.56, 19.55, and 18.93 dB performance improvement
can be respectively achieved via NI-LF w/ R54, NI-LF w/ RDFT, and NI-LF w/ R43. Although better
performance can be achieved by increasing the accuracy of the azimuth and elevation angles in the 2D BS
codebook Rnm, a more precise RIS controller is required and the maximum beamforming gain codeword
ul1 selected from R2D also takes more time.

Compared with that based on CQ-based phase-shifting and FP, the received SNR achieved by CQ-based
phase-shifting and OTTDP-based HBF is slightly reduced. Based on the proposed OTTDP-based HBF
scheme, however, only three RF chains are required and three quantization labels of analog precoding,
i.e., (r1, r2, r3) are fed back to the CU/DU. In the RIS-empowered mmWave C-RAN with the OTTDP-
based HBF, the physical implementation and the control of analog precoding for different AAUs are
centralized at the CU/DU, where we only employ a passive Demuxer instead of expensive TOFs at each
AAU. Therefore, based on the OTTDP-based HBF scheme, the deployment of plentiful AAUs is low-cost
and low-complexity. The performance degradations due to the limited feedback precoding are analyzed
in the next paragraph.

Figure 4(a) shows the three-dimensional (3D) beam pattern formed by the Φ computed via the AO
algorithm [34, 35]. Meanwhile, Figures 4(b)–(d) illustrates the 3D beam patterns formed by the CQ-
based Φ obtained by using R54, RDFT, and R43, respectively. The performance degradations due to



Huang H, et al. Sci China Inf Sci October 2021 Vol. 64 200303:12

Figure 4 (Color online) Three-dimensional beam patterns formed by (a) the phase-shifting computed via the AO algorithm and

the codebook-quantization-based phase-shifting by (b) R54, (c) RDFT, and (d) R43.

the limited feedback precoding can be attributed to two aspects. On the one hand, the CQ-based Φ is
unable to get diversity gain compared with the Φ computed via the AO algorithm. On the other hand,
the codebooks support finite beam patterns with discrete beampointing angles. Thus, a quantization
error is also introduced into the limited feedback RIS-empowered mmWave C-RAN. From Figure 4,
we can see that the beampointing angle based on the codeword generated from R54 is closest to the
beampointing angle of the beam pattern formed by the Φ computed via the AO algorithm. In other
words, the quantization error can be reduced by using a more precise codebook. As shown in Figure 3,
better performance is achieved by using R54 compared with that obtained by using R43.

In the proposed NI-LF precoding for RIS-empowered mmWave C-RANs, the limited feedback hybrid
precoding performed at each AAU is physically implemented by the OTTDP-based HBF in Subsec-
tion 2.2. The limited feedback of the analog precoding matrix is based on the codebook Rλ determined
by pre-designed OTTDP. In Figure 5, we compare the received SNR curves achieved by using Rλ with
different numbers of codewords, where the phase shift matrix of the RIS quantified by R54 and RDFT

are respectively illustrated by the dotted line and the solid line. Specifically, we set the number of the
codebooks to be ∞ ,12, 10, and 8, i.e., K=∞, K=12, K=10, and K=8. Note that the codebook Rλ with
K=∞ represents that the AAU uses unconstrained phase shifters to implement analog precoding. The
corresponding results are marked by diamonds, squares, right-pointing triangles, and circles, as shown
in Figure 5. For the RIS-empowered mmWave C-RAN, the received signal is combined with the signal
directly sent by the AAU and that reflected by the RIS. When the user is located at dh = 35 m, the signals
received from the AAU and the RIS are both weak due to the huge path losses at mmWave frequencies.
As a result, we can see the curving around 35 m in Figure 5.

For the RIS-empowered mmWave C-RAN with OTTDP-based HBF, the difference between the received
SNR curves obtained by the fully-digital precoding and the OTTDP-based HBF can be reduced by
increasing the number of codewords in Rλ, as shown in Figure 5. However, for generating Rλ with a
larger number of codewords, the number of USOCs used to map the corresponding Mλ is also increased.
Besides, the upper bound of the received SNR based on the OTTDP-based HBF is achieved by the
codebook Rλ with K=∞, which is plotted in Figure 5 by diamonds. To balance performance and cost,
therefore, we employ the OTTDP with 10 columns to perform analog precoding for the proposed RIS-
empowered mmWave C-RAN with OTTDP-based HBF. The designed example of the 8×10 Mλ has been
presented in Figure 2.

In Figure 6, we discuss the influence of the number of reflecting elements in the RIS, where all results
are obtained from 5000 trials. Taking the phase-shifting quantified by RDFT as an example, Figure 6(a)
shows the case that the user is close to the location of the AAU, where dh = 20 m. In this case, the
received SNR based on the AAU-RIS-MRT is worst since the signal component reflected by the RIS is
weaker than that directly received from the AAU. With the increase of reflecting elements, the received
SNR by the AAU-RIS-MRT also gets bigger. Because the received signal component directly from the
AAU is dominant in the received SNR, the received SNR without the RIS is near-optimal. Further, the
improvement generated from the increase of reflecting elements is slight. Correspondingly, Figure 6(b)
shows the case that the user is close to the location of the RIS, where dh = 50 m. Due to huge path
losses in mmWave frequencies, the signal from the AAU decays rapidly. Meanwhile, the signal reflected
by the RIS is much stronger compared with that directly from the AAU. Therefore, the received SNR
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Figure 5 (Color online) Received SNR versus horizontal distance for Rλ with K = ∞, K = 12, K = 10, and K = 8, where the

phase-shifting is quantified by R54 and RDFT.

d
h
=20 m

d
h
=50 m

Figure 6 (Color online) Received SNR versus the number of reflecting elements at (a) dh = 20 m and (b) dh = 50 m.

empowered by the RIS is greatly improved and the performance obtained by the AAU-RIS-MRT becomes
near-optimal. Compared with the mmWave C-RAN without the RIS, the RIS-empowered mmWave C-
RAN with the OTTDP-based HBF and limited feedback archives much better performance. With the
increase of reflecting elements, the 2D codebook RDFT used in the NI-LF precoding algorithm is updated
according to (11).

5 Conclusion

A novel OTTDP-based HBF has been proposed for the RIS-empowered mmWave C-RAN. Further, for the
RIS-empowered mmWave C-RAN with OTTDP-based HBF, we developed a NI-LF precoding algorithm
and then analyzed the computational complexity and overhead of the NI-LF precoding algorithm. For
an AAU equipped with eight-element ULA, an example of the OTTDP with 10 beam patterns has been
presented, where the beam modes supported by the OTTDP were plotted. Further, for a RIS-empowered
mmWave C-RAN with 49 reflecting elements at 28 GHz, the received SNR via the developed NI-LF
precoding algorithm was obtained, where the phase-shifting of RIS was quantified by R54, RDFT, and
R43, respectively. The received SNR was compared with that via AO & FP, RIS w/ R54 & FP, RIS w/
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RDFT & FP, and RIS w/ R43 & FP, AAU-User-MRT, and AAU-RIS-MRT. The performance can be
greatly improved based on the proposed NI-LF precoding compared with that via the precoding without
RIS, especially for the user located near the RIS. Specifically, for the 49-element RIS, the proposed NI-LF
precoding by using different codebooks to quantize the phase-shifting of the RIS respectively achieves
20.56, 19.55, and 18.93 dB performance improvement. Moreover, according to the 3D beam patterns of
the phase-shift matrices computed by the AO algorithm and the CQ-based phase-shifting by R54, RDFT,
and R43, performance degradations due to limited feedback were also analyzed. Moreover, we discussed
the influence of the number of reflecting elements for different cases and the influence of the sizes of Rλ

mapped from the pre-designed OTTDP. The proposed OTTDP-based HBF and NI-LF precoding show
a tremendous cost advantage for the RIS-empowered mmWave C-RAN, especially for the ultra-dense
deployment of AAUs.
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