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Abstract This paper presents an alternating iteration hybrid precoding algo-
rithm for the switch network-based dynamic fully-connected (SFC) structure,
namely HP-SFC algorithm. Firstly, based on the sparsity of switch network,
the optimization problem of the analog switch precoding matrix is transformed
into a binary dictionary updating problem, which avoids to deal with the bi-
nary constraint straightly. Then, the optimization problem of the analog phase
shifter (PS) precoding matrix is modeled as a quadratic unimodular program-
ming problem by the vectorization of the analog PS precoding matrix. So that
the analog PS precoding matrix can be readily optimized. Finally, the ana-
log switch precoding matrix, the analog PS precoding matrix and the digital
precoding matrix are alternately optimized via the block coordinate descent,
the generalized power method and the least square, respectively. Theoretical
analysis and simulation results show that the proposed algorithm can provide
brilliantly hybrid precoding performence campared with the previous works,
for example: 1) it reduces the hybrid precoding matrix residual, so that its
spectral efficiency is close to the full digital optimal precoding; 2) it provids at
least 15% energy efficiency improvement comparing with related algorithms.
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1 Introduction

Millimeter wave (mmWave) massive multiple-input multiple-output (MIMO)
systems relieve the pressure from scarce wireless spectrum resource and attract
extensive attentions in recent years [1]. Hybrid precoding is one of the key
techniques for mmWave MIMO systems, which offers analogous performance
and reduces hardware cost compared with the optimal fully digital precoder [2].
The hybrid precoding structures can be divided into two categories, that is,
fully-connected structure and partially-connected structure [3].

In the fully-connected structure, each radio frequency (RF) chain is con-
nected to all antennas, which provides a high spectral efficiency [4]. The fully-
connected precoding is widely studied in recent years. For example, the hybrid
precoding problem for fully-connected structure is formulated as a sparse re-
construction problem [5]. A spatially sparse precoding algorithm based on or-
thogonal matching pursuit (OMP) is proposed as well. Moreover, the thought
of alternative optimization is adopted to solve the hybrid precoding prob-
lem [6]. A phase extraction-based alternating minimization (PE-AltMin) algo-
rithm is proposed by imposing an orthogonal property of the digital precoder.
Nevertheless, the fully-connected structure is burdened with high power con-
sumption due to an enormous number of phase shifters (PSs) are required.

The partially-connected structure possesses lower power consumption com-
pared with the fully-connected structure, since each RF chain is merely con-
nected with a subset of antennas [7]. For partially-connected structure, the
hybrid precoder design problem can be considered as a matrix factorization
problem and a semidefinite relaxation based AltMin (SDR-AltMin) algorithm
is given [8]. Disappointingly, the hybrid precoding performance of the partially-
connected structure is mediocre.

Benefitted from the low hardware cost and power consumption of switchs,
an attractive tradeoff is achieved between the spectral efficiency and the power
consumption employing switch network in the analog module of hybrid pre-
coder. Several dynamic connected structures based on switch network are pro-
posed recently. The dynamic partially-connected structure is presented [9],
which implements a dynamic connection between RF chains and antenna ele-
ments via switch network. Based on the dynamic partially-connected structure,
a greedy algorithm is proposed to determine the connection state between RF
chains and antenna elements. Further, an exhaustive search-based algorithm
is introduced [10], which configures the antenna-to-RF-chain connection state
by relocating boundary elements of antenna subsets. The dynamic partially-
connected structure outperforms the classical partially-connected one since the
baseband data stream information is shared by all antenna elements.

However, it is worth to be mentioned that the dynamic partially-connected
precoder still takes on a spectral efficiency gap compared with the optimal
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fully digital precoder. In order to further improve the spectral efficiency, a
novel dynamic fully-connected structure is studied [11], in which a switch
network is added to connect the PSs and antennas. For the switch network-
based dynamic fully-connected (SFC) structure, a two-stage hybrid precoding
algorithm is introduced, which separates the hybrid precoding problem into
two residual minimization problems and solves in different optimization stage.
The two-stage algorithm presents considerable spectral efficiency and energy
efficiency, however, the process of sovling two-stage optimization problem may
incur large hybrid precoding matrix residuals and low spectral efficiency.

So that, this paper presents an effective hybrid precoding algorithm with
the SFC structure, i.e. HP-SFC algorithm. The main contributions are sum-
marized as follows:

– An effective algorithm is proposed based on the SFC structure, which opti-
mizes the analog switch precoding matrix, the analog PS precoding matrix
and the digital precoding matrix alternatively and iteratively. Based on
the compressed sensing theory, the analog switch precoding matrix op-
timization problem can be refomulated as a dictionary update problem
and solved by block coodinate descent effectively. The objective function
of the analog PS precoding matrix optimazition problem is reformulated
as a quadratic form by the matrix vectorize property, so that a Karush-
Kuhn-Tucker (KKT) solution can be effortlessly obtained. Then, the digital
precoding matrix is given by the least square method.

– Several comparisons are provided between the proposed algorithm and re-
lated algorithms with different structures. Simulation results show that the
proposed algorithm presents attractive spectral efficiency. Concurrently,
since switch network enioys low hardware cost and power consumption,
the proposed algorithm contributes decent energy efficiency.

The remainder of the paper is organized as follows. The hybrid precoding
signal model and the SFC structure are introduced in Section 2. Section 3
introduces the proposed hybrid precoding algorithm detailedly. Section 4 gives
several simulation results to demonstrate the performance of the proposed
algorithm. Finally, the conclusion is presented in Section 5.

Notations : In the following, the bold upper-case letters and bold lowercase
letters denote matrix and vector respectively. The field of complex number is
represented by C. Aij is the (i, j)th element of A. AT, A∗, AH and A−1

represent the transpose, conjugate, conjugate transpose and inverse of A. |A|,
∥A∥F and ∥A∥2 denote the determinant, Frobenius norm and l2 norm of A.
∠{A} is taken to mean a matrix containing the phases of the entries of A.
IN indicates the N ×N identity matrix. ⊗ denotes Kronecker product, tr{·}
and vec{·} stand for trace and vectorization operator. CN (a, b) is the complex
Gaussian distribution with the mean a and the covariance b.
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2 System model

2.1 Signal model

Consider a single-user mmWave massive MIMO system, in which Ns indepen-
dent baseband data streams are send from a transmitter with Nt antennas and
NRF RF chains to a receiver with Nr antennas and NRF RF chains. Without
loss of generality, a narrow-band block-fading channel model is adopted to
describe the transmission environment between the transmitter and receiver.
Thus, the received baseband signal y is expressed as

y =
√
ρWHHFs+WHn (1)

where ρ is the average received power, H ∈ C
Nr×Nt denotes the channel ma-

trix, W ∈ C
Ns×Nr and F ∈ C

Nt×Ns represents the hybrid combining matrix
and the hybrid precoding matrix, respectively. Furthermore, s = [s1, · · · , sNs

]T

stands for the transmit signal vector such that E[ssH] = 1
Ns

INs
, and n is the

independent and identically distributed (i.i.d.) complex Gaussian noise vector
with CN (0, σ2

n), in which σ2
n stands for the noise power.

Based on the Saleh-Valenzuela channel model [12], the channel matrix H

consists a sum of Ncl scattering clusters, each of which composes of Nray rays.
So that it can be written as

H =

√

NtNr

L

Ncl
∑

i=1

Nray
∑

k=1

αikar(φ
r
ik, θ

r
ik)a

H
t (φ

t
ik, θ

t
ik) (2)

where the total number of propagation paths L = NclNray, αik is the com-
plex gain of the kth ray in the ith scattering cluster. φt

ik (θtik) and φr
ik (θrik)

are the azimuth (elevation) angle of departure (AOD) and the azimuth (el-
evation) angle of arrival (AOA) associated with the kth ray in ith cluster,
respectively. at (φ

t
ik, θ

t
ik) and ar (φ

r
ik, θ

r
ik) stand for the array response vector

of the transmitter and receiver.
For an M ×N uniform planar array (UPA) with the half-wavelength inter-

element space, the array response vector is given as

aUPA(φ, θ) =
1√
MN

[

1 · · · ejπ(m sinφ sin θ+n cos θ) · · · ejπ((M−1) sinφ sin θ+(N−1) cos θ)
]T

(3)

where 0 ≤ m ≤ M − 1 and 0 ≤ n ≤ N − 1.
With the assumption that the perfect channel state information (CSI) is

known at both the transmitter and receiver, when Gaussian symbols are trans-
mitted over the mmWave channel, the spectral efficiency achieved is given by

R = log2

(
∣

∣

∣

∣

INs
+

ρ

Ns

R−1
n WHHFFHHHW

∣

∣

∣

∣

)

(4)

where the noise covariance matrix after combining Rn = σ2
nW

HW .
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2.2 SFC structure

In this subsection, the SFC structure and the hybrid precoding problem based
on SFC structure are described detailedly.

Fig. 1: Single-user mmWave MIMO system based on the SFC structure.

The SFC structure for the single-user mmWave MIMO system is shown in
Fig.1, in which the analog precoding (combining) is implemented both PSs and
switch network. It can be seen that the signal from each RF chain is processed
by Nc PSs, where Nc ≪ Nt, so that NRFNc PSs are equipped in the SFC
structure.

Hence, the precoding matrix F and the combining matrix W of the SFC
structure are expressed as follows

F = FSFPSFBB

W = WSWPSWBB .
(5)

where FBB ∈ C
NRF×Ns , FPS ∈ C

Nc×NRF and FS ∈ C
Nt×Nc denotes the digi-

tal precoding matrix, the analog PS precoding matrix and the analog switch
precoding matrix, WBB ∈ C

NRF×Ns , WPS ∈ C
Nc×NRF and WS ∈ C

Nr×Nc

denote the digital combining matrix, the analog PS combining matrix and the
analog switch combining matrix, respectively.

Consider the hardware characteristic of switches, the analog switch pre-
coding matrix FS and the analog switch combining matrix WS are subject
to the binary constraint, that is FS,ij ∈ {0, 1} and WS,ij ∈ {0, 1}. Moreover,
the analog PS precoding matrix FPS and the analog PS combining matrix
WPS are subject to the unit modulus constraint, namely, |FPS,mn| = 1 and
|WPS,mn| = 1.

On the basis of [5], the hybrid precoding (combining) problem based on the
SFC structure can be approximately divided into two subproblems as follows

min
FS ,FPS ,FBB

∥Fopt − FSFPSFBB∥2F
s.t.FS,ij ∈ {0, 1}, i ∈ [1, Nt], j ∈ [1, Nc]

|FPS,mn| = 1, m ∈ [1, Nc], n ∈ [1, NRF ]

∥FSFPSFBB∥2F = Ns

(6)
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min
WS ,WPS ,WBB

∥Wopt −WSWPSWBB∥2F
s.t.WS,ij ∈ {0, 1}, i ∈ [1, Nr], j ∈ [1, Nc]

|WPS,mn| = 1, m ∈ [1, Nc], n ∈ [1, NRF ]

(7)

where ∥FSFPSFBB∥2F = Ns denotes the normalized transmit power con-
straint.

According to [13], the optimal fully digital precoding matrix and combining
matrix are formulated as Fopt = V:,1:Ns

and Wopt = U:,1:Ns
respectively, where

the SVD of the mmWave channel matrix H = UΣV H.
Noticeably, the precoding problem (6) and the combining problem (7) have

similar mathematical expressions, so that the remaining of this paper will
mainly focus on the precoding problem (6), and the combining problem (7)
can be similarly tackled using the proposed method.

3 Hybrid precoding strategy

The joint optimization problem (6) is difficult to be solved straightly, due to
the unit modulus constraint of the analog PS precoding matrix FPS and the
binary constraint of the analog switch precoding matrix FS . In this section,
the HP-SFC algorithm is proposed to optimize the analog switch precoding
matrix FS , the analog PS precoding matrix FPS and the digital precoding
matrix FBB respectively.

3.1 Optimization of analog switch precoding matrix

In this subsection, suppose that the analog PS precoding matrix FPS and
the digital precoding matrix FBB are known, the optimization problem of the
analog switch precoding matrix FS can be rewritten as

min
FS

∥Fopt − FSFeff∥2F
s.t.FS,ij ∈ {0, 1}, i ∈ [1, Nt], j ∈ [1, Nc]

(8)

where the effective precoding matrix Feff is defined as the product of the analog
PS precoding matrix FPS and the digital precoding matrix FBB .

Based on the compressed sensing theory [14], the analog switch precod-
ing matrix FS can be considered as a sparse representation dictionary which
satisfies the binary constraint. Moreover, the optimization problem (8) can
be viewed as a dictionary update problem and solved by the block coodinate
descent method.

Expand the product of the analog switch precoding matrix FS and the ef-
fective precoding matrix Feff , the objective function of the optimization prob-
lem (8) is represented as ∥Fopt −

∑Nc

j=1 fS,jf
H
eff,j∥2F , where fS,j ∈ C

Nt×1 and
fH
eff,j ∈ C

1×Ns stand for the jth column of the analog switch precoding matrix
FS and the jth row of the effective precoding matrix Feff respectively.
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Assume that fS,k (k ̸= j) and fH
eff,k (k ̸= j) are fixed, merely focus on the

jth column of FS and the jth row of Feff , problem (8) can be rewritten as

min
FS

∥Y − fS,jf
H
eff,j∥2F

s.t.FS,ij ∈ {0, 1}, i ∈ [1, Nt], j ∈ [1, Nc]
(9)

where Y = Fopt −
∑

k ̸=j fS,kfeff,k.
It is deduced that the problem (9) can be divided into the following Nt

independent subproblems

min
FS,ij

∥yH
i − FS,ijf

H
eff,j∥22

s.t.FS,ij ∈ {0, 1}, i ∈ [1, Nt]
(10)

where yH
i is the ith row of Y .

Hence, the entries of the analog switch precoding matrix FS can be singly
optimized as

FS,ij =

{

0, ∥yH
i ∥22 ≤ ∥yH

i − fH
eff,j∥22

1, ∥yH
i ∥22 > ∥yH

i − fH
eff,j∥22

. (11)

Exploiting (11), the entries of the analog switch precoding matrix FS can
be separately optimized.

3.2 Optimization of analog PS precoding matrix

The analog PS precoding matrix FPS is optimized in this subsection, the
optimization problem of which is given by

min
FPS

∥Fopt − FSFPSFBB∥2F
s.t. |FPS,mn| = 1, m ∈ [1, Nc], n ∈ [1, NRF ]

(12)

where the analog switch precoding matrix FS and the digital precoding matrix
FBB are assumed to be fixed.

Based on the matrix vectorize property vec(AXB) = (BT ⊗ A)vec(X),
the objective function of the optimization problem (12) can be transformed
into ∥fopt − (FT

BB ⊗ FS)fPS∥2F , where fopt = vec(Fopt), fPS = vec(FPS).
Moreover, the Frobenius norm minimization problem (12) can be rewritten

as

max
fPS

f̃H
PS(−B)f̃PS

s.t. |fPS(o)| = 1, o ∈ [1, NcNRF ]
(13)

where

B =

[

(F ∗
BB ⊗ FH

S )(FT
BB ⊗ FS) −(FT

BB ⊗ FS)
Hfopt

−fH
opt(F

T
BB ⊗ FS) 0

]

and f̃PS = [fPS 1]T.
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A KKT solution of the quadratic unimodular programming problem (13)
can be obtained by the iteratively generalized power method [15], namely

F
(l)
PS = ej∠(F

(l−1)
PS

− 1
p
(MSF

(l−1)
PS

MBB−Mo))e−j∠(1+ 1
p
tr{MH

o F
(l−1)
PS

}) (14)

where l denotes the iteration index, MBB = FBBF
H
BB , MS = FH

S FS , Mo =

FH
S FoptF

H
BB and p = tr{MBB}tr{MS}

NcNRF+1 +( NcNRF

NcNRF+1 (∥MBB∥2F ∥MS∥2F+2 ∥Mo∥2F−
tr{MBB}2tr{MS}2

NcNRF+1 ))
1
2 .

3.3 Optimization of digital precoding matrix

Based on the analog switch precoding matrix FS and the analog PS precoding
matrix FPS optimized above, a near optimal analytical solution of the digital
precoding matrix FBB can be given by the least square, that is

FBB = (FH
PSF

H
S FSFPS)

−1FH
PSF

H
S Fopt. (15)

where the analog switch precoding matrix FS and the analog PS precoding
matrix FPS are presumed to be known.

Additionally, in order to satisfy the transmit power constraint ∥FSFPSFBB∥2F =
Ns, the digital precoding matrix FBB have to be multiplied by a coefficient√

Ns

∥FSFPSFBB∥F
.

Based on the above discussion, the proposed algorithm is summarized in
Table 1.

Table 1: HP-SFC algorithm

Input: Fopt, δthres
Output: F (n)

S
, F (n)

BB
and F

(n)
PS

Initialization: F (0)
PS

and non-singular F
(0)
S

are initialized randomly, δ(0) = 0, n = 0;
1: repeat
2: n = n+ 1;
3: Fix F

(n−1)
PS

and F
(n−1)
BB

, compute F
(n)
S

by (11);
4: Fix F

(n)
S

and F
(n−1)
BB

, calculate F
(n)
PS

by the iteration (14) with F
(n−1)
PS

being the initial value of (14);
5: Optimize F

(n)
BB

according to (15) with fixed F
(n)
S

and F
(n)
PS

;
6: δ(n) =

∥

∥

∥
Fopt − F

(n)
S

F
(n)
PS

F
(n)
BB

∥

∥

∥

2

F
;

7: until |δ(n) − δ(n−1)| ≤ δthres

8: F
(n)
BB

=

√
Ns

∥F (n)
S

F
(n)
PS

F
(n)
BB

∥F
F

(n)
BB

.
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4 Simulation results

In this section, several simulation results are provided to evaluate the per-
formance of the proposed HP-SFC algorithm. For comparison, the spectral
efficiencies and energy efficiencies of the HP-SFC algorithm and related al-
gorithms are analyzed detailedly, such as the two-stage algorithm with the
SFC structure [11], the OMP-based sparse hybrid precoding algorithm with
fully-connected structure [5], and the SDR-AltMin algorithm with partialiy-
connected structure [8].

Energy efficiency is one of the performance indexs for mmWave hybrid
precoding systems, which integrates spectral efficiency and power consumption
into account concurrently. The energy efficiency η is defined as

η =
R

P
(16)

where R indicates the spectral efficiency, P indicates the total power con-
sumption, i.e.

P =











Pt + PRFNRF + PPSNRFNc + PSNcNt, Two− stage and HP− SFC

Pt + PRFNRF + PPSNRFNt, OMP− based

Pt + PRFNRF + PPSNt, SDR−AltMin

(17)

where Pt signifies the transmit power, PRF , PPS and PS denote the power
consumption of RF chain, PS and switch, respectively. Additionally, the power
consumption in the following simulation is set as Pt = 1W, PRF = 250mW,
PPS = 50mW, and PS = 5mW [16] [17].

In order to investigate the hybrid precoding performance of all schemes, it is
suppose that the transmitter and receiver are equipped with UPAs. The chan-
nel matrix H satisfies the Saleh-Valenzuela channel model above mentioned in
Section 2. The mmWave channel consists of Ncl = 5 clusters and each cluster
comprises Nray = 10 rays, i.e., the total number of paths L = NclNray = 50.
The mean azimuth AOD (AOA) and elevation AOD (AOA) of each cluster
are uniformly distributed in [0, 2π). In clusters, the azimuth AOD (AOA) and
elevation AOD (AOA) follow the Laplace distribution with a 10-degree an-
gular spread. Meanwhile, the complex gain of each path is assumed to follow
the standard complex normal distribution CN (0, 1). All simulation results are
obtained by taking the average of 1000 random channel realizations.

Firstly, the impact of Nc on the prcoding performance of the proposed
HP-SFC algorithm is shown in Fig.2 and Fig.3, where Ns = NRF = 4, Nt =
144, Nr = 36, SNR=10dB. It is clear that the spectral efficiencies of the
proposed algorithm and the two-stage algorithm in Fig.2 grow dramatically
as Nc increases and approximatively reaches a stable status when Nc ≥ 36.
The proposed algorithm surpasses the OMP-based algorithm and the two-
stage algorithm when Nc ≥ 12. Moreover, the proposed algorithm provides a
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Fig. 2: Spectral efficiencies versus Nc.
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Fig. 3: Energy efficiencies versus Nc.

comparable energy efficiency with the optimal fully digital scheme when Nc is
large enough, which verifies the validity of the proposed algorithm.

Fig.3 provides the energy efficiencies of the proposed algorithm and con-
trast schemes. The energy efficiencies of the proposed algorithm and the two-
stage algorithm decrease with Nc due to more PSs and switches are required
with a large number of Nc, which lead to high power consumption. It is ob-
served that the proposed algorithm outperforms the two-stage algorithm when
Nc ≥ 12. Moreover, compare to the OMP-based algorithm, the proposed algo-
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rithm prsents higher energy efficiency when Nc ≤ 36. The SDR-AltMin algo-
rithm presents a preferable energy efficiency, however, the partialy-connected
structure results in the limited spectral efficiency as shown in Fig.2.
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Fig. 4: Spectral efficiencies versus SNR.

In Fig.4, the spectral efficiencies of all schemes as the functions of signal-
to-noise ratio (SNR) are detailly exhibited, where Ns = NRF = 4, Nt = 144,
Nr = 36, Nc = 20. It can be seen that the spectral efficiency of the proposed
algorithm approachs the optimal fully digital scheme with only 1bits/s/Hz
performance gap. When Nc = 20, the power dissipated by the SFC structure
equals to 18.4W, however, that of the fully-connected structure comes up to
30.8W. Hence, the proposed algorithm with the SFC structure is able to ob-
tain prominent hybrid precoding perfoemance while maintaining lower power
consumption.

Fig.5 analyzes the spectral efficiency versus NRF for all schemes with the
parameters set as Ns = NRF , Nt = 144, Nr = 36, SNR=10dB. It is shown that
the proposed algorithm offers about 3bits/s/Hz gain compared with the two-
stage algorithm when NRF = 4. Meanwhile, the proposed algorithm provides
comparable performance with the optimal fully digital scheme when NRF ≤ 3,
which shows the superiority of the proposed algorithm under less RF chain
condition.

Fig.6 shows the impact of NRF on the energy efficiency of the proposed
algorithm, where Ns = NRF , Nt = 144, Nr = 36, SNR=10dB. It is evident
that as NRF increases, the energy efficiencies of the proposed algorithm, the
two-stage algorithm and the SDR-AltMin algorithm grow steadily, however,
that of the OMP-based algorithm declines gradually. In spite of the proposed
algorithm ranks second to the SDR-AltMin algorithm, the proposed algorithm
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Fig. 5: Spectral efficiencies versus NRF .
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Fig. 6: Energy efficiencies versus NRF .

represents prominent hybrid precoding performance since a near optimal spec-
tral efficiency is obtained.

Fig.7 and Fig.8 show the spectral efficiency and the energy efficiency com-
parisons of the proposed algorithm with other schemes as function of the an-
tennas at transimitter Nt, where Ns = NRF = 4, Nr = 36, SNR=10dB. It
can be seen from Fig.7 that the spectral efficiency of all schemes increase
with Nt. Meanwhile, the proposed algorithm provides about 4bits/s/Hz and
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Fig. 7: Spectral efficiencies versus Nt.
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Fig. 8: Energy efficiencies versus Nt.

5bits/s/Hz spectral efficiency gap campared with the two-stage algorithm and
the OMP-based algorithm when Nt ≥ 144, which demonstrates that the pro-
posed algorithm is a competitive hybrid precoding scheme.

With the increase of Nt, it is evident that the energy efficiencies decrease
rapidly in Fig.8 since large Nt places power consumption burden on the hybrid
precoding systems. Moreover, the energy efficiency of the HP-SFC algorithm
outperforms the two-stage algorithm with SFC structure, the OMP-based al-
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gorithm with fully-connected structure and the optimal fully digital scheme
in all the cases. Compare with the two-stage algorithm, the proposed algo-
rithm improves energy efficiency by about 15% when Nt = 144. Based on the
above discussion, it is demonstrated that the proposed algorithm with SFC
structure provides a reasonable tradeoff between spectral efficiency and power
consumption.

5 Conclusion

This paper focuses on the hybrid precoder design for SFC structure. An effec-
tive hybrid precoding algorithm is introduced, which optimizes the precoding
matrixes alternatively and iteratively. The analog switch precoding matrix, the
analog PS precoding matrix and the digital precoding matrix are derived from
the block coodinate descent, iteratively generalized power method and least
squares, respectively. Simulation results show that the proposed algorithm
provides considerable spectral efficiency. Meanwhile, a considerable energy ef-
ficiency improvement is supplied by the proposed algorithm.
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Figures

Figure 1

Single-user mmWave MIMO system based on the SFC structure.

Figure 2



Spectral e�ciencies versus Nc.

Figure 3

Energy e�ciencies versus Nc.



Figure 4

Spectral e�ciencies versus SNR.
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Spectral e�ciencies versus NRF .
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Energy e�ciencies versus NRF .
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Spectral e�ciencies versus Nt.
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Energy e�ciencies versus Nt.


