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ABSTRACT

Millimeter wave communications (mmWave) has been considered a key enabling technique for 5G systems
since it offers orders of magnitude more spectrum than current frequency bands. Unlike conventional
multiple input multiple output (MIMO) networks, beamforming in millimeter-wave systems cannot be
accomplished using digital techniques since only a limited number of analog-to-digital converters and mixers
can be handled due to their cost and power consumption. Recently, there has been a lot of interest in a hybrid
beamforming transceiver design, which includes an analog and digital beamformer, as a less expensive
alternative. However, the optimal design for these hybrid beamformers has not yet been fully established. In
order to approach the complex performance of the fully digital beamformer, this work will provide efficient
alternative minimization techniques for a hybrid beamforming structure, namely the manifold-based
geometric fully-connected antennas. According to simulation data on bandwidth efficiency, the proposed
iterative algorithm performs much better than the baseline hybrid beamforming approach, namely the
MMSE-MP algorithm (about 6.8% for a particular situation). Additionally, based on the recommended
techniques, comparing the simulation results of the two hybrid beamforming structures will yield vital design
information.
Keywords: Massive multiple-input multiple-output, Bandwidth Efficiency, Millimeter Waves,
fully-connected Structure, hybrid beamforming, manifold geometric. massive
multiple-input multiple-output, Bandwidth Efficiency.

1. Introduction

The capacity of wireless networks must increase significantly to meet the growing demands for high-data-rate
multimedia access. In particular, the next generation of 5G networks aim to reach the predicted 1000X capacity
increase by 2020 [1]. One way to boost the capacity is to use physical layer techniques such as massive multiple-
input multiple-output (mMIMO) and sophisticated channel coding to increase the bandwidth efficiency [3], [4].
Area bandwidth efficiency may be further increased by network densification, which includes the deployment
of micro Cells of Networks [4], the facilitation of device-to-device communications [5], [6], and improved
cooperation, such as Cloud-Radio access networks [7], [8]. However, a major obstacle to further capacity
increase is the spectrum scarcity of the present cellular networks. Therefore, it is essential to take advantage of
unutilized spectrum bands, such as those that have not yet been used for cellular communications. Recently,
millimeter wave (mm-Wave) bands have emerged as a top candidate for extra spectrum in 5G cellular networks,
with a theoretical bandwidth of 10 GHz. This notion is supported by recent experiments that demonstrated the
feasibility of mmWave outdoor cellular communications [9], [12]. Once, the main obstacles to the feasibility of
mmWave cellular networks were the massive route rain and loss attenuation caused by the tenfold increase in
carrier frequency [11]. Due to the short wavelength of millimeter-wave transmissions, mmWave MIMO
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beamforming may utilize large-scale antennas at transceivers to produce highly directed beams and provide
significant beamforming advantages to compensate for route loss. Moreover, sending numerous data streams
via spatial multiplexing can increase spectral efficiency even more. Conventional MIMO systems often employ
digital beamformers at baseband for beamforming, which can change the phase and amplitude of the signals.
However, completely digital beamforming requires radio frequency chains, which contain signal mixers and
analog-to-digital converters. The number of these chains equals the number of antenna components. Digital
beamformers at baseband are frequently used in conventional MIMO systems for beamforming, which can alter
the signals' amplitude and phase. However, radio frequency chains—which include signal mixers and analog-
to-digital converters—are necessary for fully digital beamforming. The number of antenna components is equal
to the number of these chains. Although the small wavelengths of mmWave carriers allow for the use of a large
number of antennas, the high cost and power consumption of radio frequency chains prevent digital
beamforming. The specific limits in mmWave MIMO systems have lately attracted a lot of attention to a hybrid
beamforming design, which requires just a few chains of RF to interface between a low-dimensional baseband
beamformer and a high-dimensional analog beamformer [13]. Because of their large dimensions, analog
beamformers cannot be used in radio frequency stages with high power amplifiers [12]. A rule of thumb is
produced by this heuristic, which is the implementation of analog beamformers using low-cost phase-shift
circuits at the expense of losing the capacity to change the levels of the RF signals. These hybrid beamforming
transceiver topologies may be classified as (totally and partially) linked schemes according to the mapping of
antennas/RF-chains, which determines how many phase-shifters have to be used. The fully-connected antennas
gain from the entire boost of beamforming for each radio frequency chain when antennas and RF chains are
linked normally, that is, when one RF chain is coupled to one antenna. However, the partially-topology
significantly reduces the hardware implementation complexity at the price of some beamforming gain by
connecting each RF chain with only a section of the array. According to [13], the bandwidth efficiency of
mmWave systems may be approximately maximized by lowering the Euclidean difference between hybrid
beamformers and complete baseband beamformers. Phase shifters impose unit modulus limits, making the
hybrid beamformer design a matrix factorization problem. The optimum method for creating hybrid
beamformers is still unclear because of the unique unit modulus constraints, despite the fact that a lot of research
has recently been done to tackle various matrix factorization difficulties [14], [15]. Existing works occasionally
place extra limitations on analog beamformers in order to simplify the design of the analog section with unit
modulus limits, which can lead to a decrease in efficacy. This motivates academics to use analog beamformers
with unit modulus limitations to rethink beamformer design, most especially the matrix-factorization process.
In particular, a better solution to the unit modulus limitation requires more thorough investigation. With
alternative minimization as the main design approach, we will provide a variety of hybrid beamforming
techniques in this study that will perform close to the best fully baseband beamformer. To find effective hybrid
beamforming techniques for both linked partly and fully-connected antenna arrays, three novel algorithms based
on the alternating minimization principle will be proposed.

1.1 Related Works

Hybrid beamforming is a new development for mmWave MIMO systems [16],[20]. The majority of the research
is now focused on fully-connected assemblies [13], [21]. The most prevalent method, orthogonal matching
pursuit (OMP_BF), consistently delivers respectable performance. For this technique, the columns of the
passband beamforming vectors must be identified using vectors such as discrete Fourier transform beamformers
[23], [24] and the channel's array response vectors [13], [21], [22]. The orthogonal matching pursuit hybrid
beamformer problem may be seen as a matrix reconstruction with sparse constraints. Even while this greatly
simplifies the design issue, performance loss is unavoidable when the spectrum of feasible analog beamforming
approaches is limited. Hybrid beamforming is a novel concept in mmWave MIMO systems [16], [20]. The
majority of current research focuses on completely linked assemblies [13], [21]. The most popular approach,
orthogonal matching pursuit (OMP_BF), regularly produces acceptable results. To use this approach, the
columns of the passband beamforming vectors must be identified using vectors like discrete Fourier transform
beamformers [23], [24] and the channel's array response vectors [13], [21], [22]. The orthogonal matching
pursuit hybrid beamformer issue may be represented as a matrix reconstruction with sparse constraints. Even
while this considerably simplifies the design problem, performance loss is unavoidable when the number of
viable analog beamforming options is restricted. Furthermore, there will be additional cost associated with
obtaining the array response vector information ahead of time. More recent research has primarily focused on
lowering the computing cost of the OMP method, such as recovering the output of matrix inversion in each
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algorithm loop [21]. Unlike our prior work in [5], which was based on an algorithm, orthogonal matching
pursuit, and the MMSE method, this paper addresses the Riemannian Manifold algorithm. Also, unlike the work
in [22], which considers a random phase for the first analog beamforming, this study proposes a starting angle
that accelerates the process.

1.2 Contributions

The hybrid beamformer problem in MIMO schemes (mmWave) is investigated in this paper. Our major design
approach will be alternating minimization, which helps break the beamformer problem into two subtasks: the
passband and baseband beamformer tasks. The provided methods will optimize the digital and analog
beamformers sequentially. Below is an overview of our significant contributions:

* Develop an Alternating minimization approach based on manifold geometry to tackle hybrid beamformer tasks
with unit modulus constraints.

* According to simulation data, the method outperforms the present approach while maintaining a fair processing
complexity, and the algorithm effectively finds a near-optimal solution. Comprehensive comparisons are offered
utilizing the specified approaches for revealing valuable design information. As a result, our findings
unambiguously illustrate the effectiveness of the alternating technique as a critical strategy in mm-wave hybrid
beamformer designs.

Table 1. Compiling a Summary of Symbols and Parameters.

Symbols Definition Symbols Definition
Wpg Tx Analog Beamforming H Channel Matrix
. . The Transmission Antennas'
W,
BB Tx Digital Beamforming 8¢ Response
The Transmission Antennas' . .
Ma¢ Number g: The Reception Antennas' Response
The Reception Antennas' .
M, Number MRgp RF-Chain Number
Ivg, Identity Matrix Mgt Data Stream Number
QBB Rx Analog Beamforming M¢ A Manifold Topological Space
Qps Rx Digital Beamforming Tw Mc The Tangent Space at the Point (W)

2. Model of the System and Problem Formulation

The transmitter's output message may be expressed as,
m= WPB WBB X ... (1)
where, Wppg € (Mgr X Mgy and Wgg € (Mg X Mgy, are the analog beamforming and digital

beamforming, respectively, that are power-constrained by the squared norm (Frobenius).
Wpp Weplli = Mg ... (2)
Additionally, the symbol that has to be transmitted via M_st data streams while adhering to the following
limitation is x € C"(M st x1) [18].
Sxxt) = H|x|?} = Miﬂ Iy, - (3)
Consequently, after the decoding process, the received stream will seem as follows:

y= Ptl/z Q5sQpp H WppWgp x + QfQign ... (4)
where the base-band combine beamformer is O BBEM_ RR*M st), the pass-band combine beamformer is
Q PB&M _arxM_RR), the number of antennas at the receiver is M_ar, the transmission power is P_t, and the
number of RF-chains at the combiner is M_RR. The scheme's bandwidth efficacy may therefore be represented

using Shannon's formula as follows:
P .
Nsg = ln(|IMst + oz I;St H WggWpg WHWH, HH|) ...(5) (in nats/sec/Hz)
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where the operator | - | indicates the matrix's determinant and ( - )" indicates the matrix's conjugated
transposition.
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Figure 1. Structure of the Proposed Hybrid Beamforming System. From the Perspective of Spectrum Efficiency,
the Fully-Connected BF Performs Better than the Sub-Connected Design Since it Provides a Greater RF Design-
DoF.

2.1 Mm-Wave Channel’s Model

The Saleh Valenzuela clustered channel model, a sparse model with few paths and scatters, has been generally
accepted to describe the mmWave channel [19]. Without sacrificing generality, we assume that our array is
square planar, with M_ar and M_at antennas on the transmission and reception edges, respectively. The
channel's matrix H € C"(M_arxM_at) in Eq.(4) may be expressed as [18] by using the symbol L to indicate the
number of routes in the channel that correspond to the number of scatters.

M M % M uster Mpath
. H
= <“r—at> % Z Z sziJ"gr(Gij) 9t(¢ij) ... (6)
Mpath Mcluster —~ =

The cluster or group number is M_cluster, the number of rays or routes in each group is M_path, the gain for
the ith scatters' group within the jth path (complex-gaussian-distr.) is indicated by &_ij€ CN(0,6_ij*), and ¥_(i€
M_cluster)The vectors g_t (¢ _ij) represent the transmitting antennas' response at ¢_ij AoD (azimuth de arture
angle), and g r (0 _ij) represent the reception antennas' response at 8 _ij AoA (azimuth arrival angle). &
indicates the normalizing factor that verifies that the mean of H_(F)? for the model is equivalent to M_ar M_. at.
Figure 2 illustrates the square planar uniform antenna of (NxN) antennas, whose response may be written as
follows:

2nL ’
1,..,exp|—— |p.cos ¢;; + q.sin0;;. sing;;
9(63, 1)) =[ (| 1\; J ) ,  forall p,q €{0,1,..N} ..(7)

Here, A is the wavelength of the signal and L is the distance between the elements in the array.

Signal

Figure 2. Assembly of Square Planar Uniform Elements.
2.2 System efficiency formula

The development of analog and digital beamforming, or Wpg , Wgg, is our main emphasis in this work. For
maximum bandwidth efficiency, they can be presented as follows:

Problem: max Wpg, W
Wl fi( Wpg,Wgg)
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Cl: Wps(i,j)) € w Vi,j
C*: WpgWpglli =Mg  ..(8)
Where, fi( Wpg, Wgp) = ln(|IMst + JzP;, - H Wgp Wpp WL WL HH|), For an infinite-resolution
phase shift network, the realistic set of analog geasmformers is represented by V, which is equivalent to the unit-
modulus requirement, (WPB)i]-| =1.

2.2.1 Baseband Digital Beamforming

Alternating Minimization is a popular and empirically successful approach to the problems associated with the
optimization of different variable subsets. Accordingly, the digital beamforming matrix W_BB for maximum
bandwidth efficiency in Eq. (8) can be expressed as follows,

Wgp = (Wpp' Wpp) ™t Wpp" Wope = Wpg' Wope - (9)
Refer to Eq.(A-1) through Eq.(A-3) in Appendix A for a complete proof.

2.2.2 Passband Analog Beamforming (Riemannian-manifold)

Since each antenna in the fully-connected array is linked to every RF chain in the suggested topology, figure 1,
the feasible values of the passband beamformer might be determined by |(WP B)ij | = 1. In the next alternating
phase, we solve W g and search for an analog beamformer that achieve minimum distance f,(Wpg, Wgg) =

||Wopt — WppWpp || over the variable matrix Wpp. The main obstacles are the unit modulus limits, which
F

are essentially nonconvex. To the best of the authors' knowledge, there is no one-size-fits-all approach to solving
Eq (8). In the following, we will introduce an effective manifold optimization method to find a near-optimal
solution to the equation. As shown in figure 3, a manifold topological M is a space that is comparable to a
Euclidean space at each point. In other words, any point's neighbourhood inside a manifold is homeomorphic
to Euclidean space. Additionally, the tangential space Tyy M is made up of the tangent vectors 1 of the curves
across a certain point (w) on the manifold. Most applications involve manifolds that fall into a certain category
of topological manifolds called Riemannian manifolds. The Riemannian metric, an inner linear product given
on the tangential space Ty, M that exists on a Riemannian manifold M, is used to measure angles and distances
on manifolds. In particular, one can apply Riemannian geometric calculus to a Riemannian manifold. The rich
metric of the Riemannian manifold allows for the definition of gradients of cost functions. Moreover,
optimization on a Riemannian manifold is locally equivalent to smooth constrained optimization on a Euclidean
space. Consequently, a conjugate-gradient method in Euclidean space can determine their equivalent on the
specified Riemannian manifolds. In the following, we will provide a quick overview of this equivalency.
Manifolds that belong to a certain class of topological manifolds known as Riemannian manifolds are used in
the majority of applications. Angles and distances on manifolds are measured using the Riemannian metric,
which is an inner linear product provided on the tangential space Ty, M. Specifically, a Riemannian manifold
can be treated as a Riemannian geometric calculus. Gradients of cost functions may be defined thanks to the
Riemannian manifold's rich metric. Furthermore, smooth constrained optimization on a Euclidean space is
locally identical to optimization on a Riemannian manifold. Their equivalent on the given Riemannian
manifolds may thus be found using a conjugate-gradient approach in Euclidean space. A brief synopsis of this
equivalence will be given below. The tangent vectors define the directions in which a particular point x on the
manifold M, can move and the tangent space at (w) can then be denoted as Ty, M. Observe that a complex
circle manifold Mc:™, where m = M; Mg, is formed by the vector w = vec (Wpg). The searching range of
optimizing task in Eq. (8) is consequently over a product of m circles within the Riemannian sub-manifold
(complex plane). In mm-wave MIMO systems, the shape depicted in figurel is commonly used. It makes the
beamformer design problems impervious by this elementwise constraint by preventing any entry from obtaining
unit modulus in the analog beamforming matrix. In order to solve equation (8), this research will specifically
examine an Alternating Minimization technique based on manifold optimization principles by showing that a
Riemannian manifold may be created when there are limitations on the unit modulus. The Riemannian-gradient
vector in this situation is provided as follows:
grad fy(Wpg) = Vfu(Wpp) — Rel. (Vf,(Wpp). Wpg"). Wpg ....(10)

where the elementwise product is indicated by the operation (.). Refer to Eq.(B-1) through Eq.(B-6) in Appendix
B for a complete proof.
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Figure 3. A Riemannian Manifold Tangent Space and Tangent Vector.
Complexity Analysis

The convergence of the objective function for the proposed Beamforming algorithm can be ensured via the
upper bound constraints. The computational complexity for this process is mainly characterized by the number
of iterations of the proposed Algorithm indicated by the blue dotted line in the Flowchart of figure 4. The
complexity analysis includes computations of the Riemannian-gradient vector with complexities of,
oM M RF: + MgMppM st)- Consequently, the complexity of the optimization is, O ( t. [M aMpr® +
M, MpeM St] ), given that (t) is the over-all algorithm iteration numbers.

Table 2. The Pseudo-Code for the Proposed Optimization Algorithm-I
Start the algorithm:
Set the system's initial circumstances, such as the channel matrix H, the iteration index: t = 0, last iteration N,
the optimal beamforming W,,,, = Wy, and the total transmit power P;.
1st STAGE; Initial beamforming:
1. Determine the corresponding initialize digital beamforming W ;.

2. Set the initial phases of the Analog beamforming,

2 {Wpp ¥} = Zi{Wopt-WBB(O)H}

. JM
3. To guarantee the power constraint, scale the result: W)(gOB). = Wg)lg .W(TMS;(O)
PB"" BB

2nd STAGE; Iterative Sub-optimal approach;

1. Determine the Euclidean gradient w.r.t Wpg,

2

Vfs(Wppg, WBB)IVPB = ”Wopt - WPBWBB” = VeCt(_z(Wopt - WPBWBB)WBBH
F

Wpp

2. Determine the gradient in Riemannian metric 7® as the projection of Vf, onto the tangent space;
grad f4(Wpp) = Vfy(Wpp) — Rel.(Vf4(Wpp). Wpp'). Wpp

3. Determine the tangent vector & §® retraction at the current position v®;

(W(t) + a n(t))i

WO+ an®)

wtD = Ret,(an®) = vect

Update the digital beamforming;

11
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ngl) = (0fla, + WPB(t)T Wpp')t WPB(t)T Wopt
1. Checking the end of iterations:
If t=N, Then; go to step (8).
Else: Update the counter (t =t +1), and go to step (4) (next iteration).
End If

End Return Digital and Analog Beamforming, Wgg, Wpp.
3. Numerical Analysis

In this part, we assess the performance of the suggested hybrid beamformer algorithm by numerical
simulation. As baseline algorithms or criteria for comparison, we employ the iterative algorithm for sub-
connected architecture (MMSE-MP), which considers techniques like the traditional optimal full digital scheme,
Opt. beamforming [24], the sparse approximation (Matching Pursuit algorithm) for the passband beamforming,
and the least mean squared error beamforming (MMSE) technique for the baseband beamforming [7].

All benchmarks are considered with the same configuration, also all investigations are conducted in a
MATLAB environment (version R2019b) run on a Processor of Intel (TM) Core i5 @ 2.40 GHz, 64-bit
operating system. Table 2 shows the system parameters that have been configured in the simulation. It is worth
noting that the motives for deciding on these specific simulation scenarios are to meet the requirements and
conditions of 5G mmWave communication systems, e.g., the propagation setting and channel conditions are
according to the model employed in reference [22] and the parameters suggested in reference [7] for the
aforementioned system (see Table 2).

Table 3. System Parameters Employed in the Simulation.

Parameter Setting
Number of channel 4
o 10
realization
User antenna’s number M, =32 elements
Number of RF-chain Mgr = [5; 20]
Base station antenna’s M,, = (128,256) elements
number
Number of Data-Stream M ={2,4,6}
Transmit power rang P, = [-10;15] dB

The propagation setting

Number of the clusters M yster = 6

The azimuths’ spread angles 10 (Uniform distribution

degrees)
Number of the paths Mpqin = 10 rays
Variance of channel path 2 _ 4
(Gaussian distribution) Y ’

Squared planner sub-connected

Array structure
array

The passband-BF initial

angle according to equation (11)

12
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Figure 4. Flowchart of the Proposed Beamforming Algorithm.
4. Results and Discussion (Assessment of Bandwidth Efficiency)

This section investigates the bandwidth efficiency that can be achieved by different approaches where the
number of RF in the chains is equal to the number of information streams. Since fewer RF links are not possible,
this is the worst-case situation. First, Figure 5 shows the throughput of a 128 x 64 mm-Wave scheme for various
beamform algorithms as the transmitted power increases, where the number of information streams (Mg, = 4 )
on the channel is equal to the number of RF-chains in the scheme. This figure shows that, particularly at high
power-region, the proposed hybrid-beamforming technique allows for a significant improvement in bandwidth
efficiency over the MMSE-MP baseline scheme (the system's bandwidth efficiency is roughly 6.8% higher than
the standard Matching Pursuit algorithm technique at power of 10 dB). Opt-digital-BF, the full-digital system,
performs better than our method in terms of bandwidth efficiency, but at the cost of much higher power
consumption and hardware complexity. Figure 7 compares the bandwidth performance of the proposed method
with the matching pursuit sparse approximation technique (MMSE-MP) versus the number of RF-chains
employed. As the number of RF-chains increases, the bandwidth efficiency will increase logarithmically rather
than linearly, as the picture illustrates. The number of phase-shifters and the number of RF-chains in the
proposed architecture do not directly correspond. figure 7 displays how the number of transmitting antennas
employed affects the bandwidth performance of the proposed strategy. The effects of the number of RF chains
are then investigated. Assuming six data streams are sent, figure 8§ compares different methods. As expected, as
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the number of transmitting antennas rises, the spectral performance will improve due to the increased degree of
freedom of the MIMO system. Figure 9 illustrations that the gap, in terms of the time complexity performance,
between the matching pursuit sparse approximation scheme (MMSE-MP) and the proposed scheme become
narrower with the growing of the RF-gain number.
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5. Conclusions

Based on the alternating minimization principle, we proposed a straightforward design technique for hybrid
beamforming in fully-connected mmWave MIMO systems in this paper. The following useful design
information was obtained from the simulations' results:

e In a fully-connected topology, hybrid beamformers can function similarly to completely digital
beamformers when the number of RF chains is somewhat more than the number of information streams.
Given the growing cost and power consumption, further RF chains are not necessary. In addition, it makes
financial sense to implement a sizable number of RF chains in order to maximize bandwidth efficiency.

e In Addition, our results have clearly demonstrated the effectiveness of alternating minimization in designing
hybrid beamformers for mmWave MIMO systems. Furthermore, additional investigation is required to
conduct a more comprehensive convergence analysis and optimality characterization of the proposed
approach.

e Finally, as a future work trend, the work can be extended to partially connected architectures and analyzing
the robustness of the scheme under channel estimation errors to handle rapidly changing channel conditions.
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Appendices (Derivation of the equations)
Appendix A:
Baseband Digital Beamforming: Proof of Equation (9)

With a uniform B (bits) quantization of the phase shifter, this feasible set might be described as follows:
ZB

W= {exp (zziBb }b:1 .. (A-1)

Ensuring the total power restriction is the goal of C2, the second constraint in equation (8). Using the same
methods as in reference [18], the hybrid beamformer's design to optimize bandwidth efficiency is equivalent to
reducing the Euclidean distance between the hybrid beamformer and the ideal full-digital beamformer. Thus,
the following is a statement of the optimal formula:
Problem: mi\r/’\ll f,( Wpp, Wgp) Cl: Wpp(i,j) € w Vi, j

BB

WepB, 5
C% |[WpgWpgllf =Mg  ...(A-2)
where, min f,( Wpg, Wgg) = min ||W0pt- WpgWgp || I[lg , The first step is to decompose this
Wpg,WgB Wpg,WgB F

matrix into the product of three matrices. H=ULV", where V and U are unitary matrices (with orthonormal
columns), Wy, = Vj, and X is a diagonal matrix with positive real components. As a result, the starting angles
of the analog beamforming will be as follows when employing the technique recommended in our earlier work
[18]. The issue may be reduced to the following statement,

Mgp Mgg, \H
k, k . K,
4 {WPB( Mat )} pat = 4 {wopt(k’-) WBB(Mat ) .. (A-3)

Appendix B:
1. Baseband Digital Beamforming:

Problem (A-2) will mostly be treated as a matrix-factorizing work with two matrices parameters, Wpg and
Wsp, using Alternating Minimization as the main primary technique. If the passband beamform needs to be
fixed, the process is made simpler as follows:

Problem: min f3( Wpg, Wgg) Subjectto: [[WpgWpglld =M  ...(B-1)
BB

where Vn\}in f5( Wpg, Wgg) = Vr{}in”WOpt- WPBWBB”; This work is a nonconvex quadratic problem with a
BB BB
. . 2 T
quadratic constraint [23]. ||W0pt- WpgWpgp ||F = (Wopt- WPBWBB) (Wopt- WPBWBB)
.. a
For minimum value, Won ( WoptTWOPt-ZWBBTWpBTW()pt + WBBTWPBTWPBWBB) =0

Wpp = (WPBTWPB)'1 Wpg " Wopt = Wpg' Wopt .. (B-2)
2. Passband Analog Beamforming (Riemannian-manifold)

In the next alternating phase, we solve Wggand search for an analog beamformer that maximizes the following
issue.

Problem: wri’g f,(Wpg, Wgg),Subject to: ||WpgWggll2 = My, , |(WPB)ij| =1 Viandj ..(B-3)
win f4(Wpg, Wgg) = win”Wopt- WpgWpgp ||§ . The following is an expression for the Euclidean gradient:
PB PB
a
VEL( Wpp) = 50— (Wopt' Wopt-2Was' Wep' Wope + Was' Wes' WppWas)

= vect(-2(Wopr- WepWgg)Wpg" ... (B-4)
The Riemannian-gradient vector in this situation is provided as follows:
grad f4 (WPB) = 'PrOj Wpg Vf4_ (WPB) = Vf4( WPB)'Rel. (Vf4_( WPB)' WPB*)' WPB s (B-S)The tangential
vector o 1) retraction at point w1 may be expressed in the following way:
(w® + an®). ]
1

(t+1) = R, ®) =
w etw(aT] ) vect |(w(t) n O(T](t))i|
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