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Abstract—Not only high spectral efficiency (SE) but also high
energy efficiency (EE) are required for future wireless com-
munication systems. Radio orbital angular momentum (OAM)
provides a new perspective of mode multiplexing to improve SE.
However, there are few studies on the EE performance of OAM
mode multiplexing. In this paper, we investigate the SE and EE
of a misaligned uniform concentric circle array (UCCA)-based
multi-carrier multi-mode OAM and multiple-input multiple-
output (MCMM-OAM-MIMO) system in the line-of-sight (LoS)
channel, in which two transceiver architectures implemented
by radio frequency (RF) analog synthesis and baseband digital
synthesis are considered. The distance and angle of arrival (AoA)
estimation are utilized for channel estimation and signal detec-
tion, whose training overhead is much less than that of traditional
MIMO systems. Simulation results validate that the UCCA-based
MCMM-OAM-MIMO system is superior to conventional MIMO-
OFDM system in the EE and SE performances.

Index Terms—Orbital angular momentum (OAM), uniform
concentric circle array (UCCA), spectral efficiency (SE), energy
efficiency (EE).

I. INTRODUCTION

Recently, orbital angular momentum (OAM) carried by
vortex electromagnetic waves with helical phase fronts [1],
[2] provides a new perspective for high data rate wireless
transmission. Due to the inherent orthogonality between OAM
modes, multiplexing a set of orthogonal OAM modes on
the same frequency channel can achieve high capacity and
spectral efficiency (SE) [3]. Moreover, combining OAM mode
multiplexing with conventional multiple-input multiple-output
(MIMO) technology can result in higher capacity gain [4]. On
the other hand, energy efficiency (EE), defined as the ratio
of the capacity to the total system power consumption, has
been recognized as a important performance metric of green
communication systems. There are a number of researches
dedicated to the EE of MIMO systems [5], [6], but few for
OAM systems. To the best of our knowledge, only the authors
in [7] analyze the EE of the OAM spatial modulation (OAM-
SM) communication system. Due to the high SE of OAM
relying on mode multiplexing, it is therefore necessary to
investigate the EE and SE performances of mode-multiplexed
or multi-mode OAM communication systems.

The EE of a communication system is dependent on the
structure of the transceiver and antennas. There are several
methods that can be used to generate radio OAM waves
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Fig. 1: The UCCA-based multi-mode OAM transmitter imple-
mented by (a) RF analog synthesis, and (b) baseband digital
synthesis.

[8], among which uniform circular array (UCA) is the most
popular because of the ubiquity of antenna array in wireless
communication systems and its ability to control wavefronts.
The feasibility of utilizing UCA to generate single-mode and
multi-mode OAM waves has been verified in [2], [9]. To
generate single-mode OAM waves, all the antenna elements
in a UCA are fed with the same input signal, but with a
successive phase shift from element to element such that after
a full turn the phase has the increment of 27/, where / is
an unbounded integer termed as topological charge or OAM
mode number [1]. For multi-mode OAM waves, there are two
transmitter architectures, implemented by RF analog synthesis
and baseband digital synthesis respectively [10]. Since mode
and space multiplexing gains could be simultaneously harvest-
ed to further improve the SE through combining OAM and
MIMO with uniform concentric circular array (UCCA) [11],
we focus on the corresponding RF analog and baseband digital
transceiver architectures as shown in Fig. 1.
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Fig. 2: The UCCA-based LoS OAM-MIMO communication

system in the non-parallel misalignment case, in which the
coordinate of O is (7, ¢, a).

For a practical OAM communication system, a beam s-
teering method [12] is usually applied to avoid large per-
formance degradation caused by the misalignment between
the transmitter and receiver, which requires the angle of
arrival (AoA) of the OAM beam to be known. The AoA
estimation and signal reception of a misaligned UCA-based
OAM communication system have been studied in [13] and
[14], respectively. In this paper, we consider a misaligned
UCCA-based LoS multi-carrier multi-mode OAM and MIMO
(MCMM-OAM-MIMO) system. Based on the utilized channel
estimation and signal detection schemes, we analyze the SE
and EE performances of the MCMM-OAM-MIMO system.
Numerical simulation compares the EE and SE performances
of the RF analog and baseband digital synthesis structures,
and shows the superiority of the UCCA-based MCMM-OAM-
MIMO system to the traditional MIMO-OFDM system.

II. SYSTEM MODEL
A. Channel Model

In free space communications, the transfer function h de-
pends on the frequency and the distance d between the transmit
and receive antenna and can be expressed as [12], [15]

(k. d) = 57— esxp (~ikd), M)
where k = 27/ is the wave number, X is the wavelength, ﬂld
denotes the degradation of amplitude, the complex exponential
term is the phase difference due to the propagation distance,
and [ contains all relevant constants.

We assume that both the transmit and receive UCCAs
consist of 91 concentric N-element UCAs with radii Ry,
and R, , m,n = 1,2,--- 9. In practice, it is difficult to
perfectly align the transmitter and receiver. Therefore, we
consider a more practical non-parallel misalignment case [14].
The coordinate of the transmit UCCA center is O(r, ¢, «) in
Z—XOY, as shown in Fig. 2, where r is the distance between
the transmit and receive UCA centers, ¢ is the azimuth angle,
« is the elevation angle, and ¢ and « are defined as the AoA of

the received OAM beams. Then, the channel coefficients from
the nth element in the nth transmit UCA to the mth element in
the mth receive UCA can be expressed as hmw = h(k,dmy ),
where the transmission distance d“mlff is calculated as [14]
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7 = arccos(cos acos @), ¢ = [2m(n—1)/N+¢2] and 07" =
[2m(m — 1)/N + 69,] are the azimuth angles of the transmit
and receive elements, respectively, ¢° and 69, are respectively
the corresponding initial angles of the first reference elements,
m,n =1,2,--- N, myn = 1,2,--- ;91 For simplicity, we
assume ¢2 = 0 and 02 = 0 here.

Therefore, the channel matrix of the UCCA-based free space
system can be expressed as Hycca = [Hm n|mxm, where
Hyun = [hmn]nxn is the channel matrix from the nth
transmit UCA to the mth receive UCA. Note that when oo = 0
and ¢ = 0, Hy, ,, is a circulant matrix and can be decomposed
as Hpn = FEA, WFu, where Fy is the N-dimensional
Fourier matrix, and Ay, , is a diagonal matrix whose diagonal
elements are the eigenvalues of Hy, ,.

B. Signal Model

When the CSI is unknown, it is necessary to perform
a channel estimation procedure. In the UCCA-based LoS
MCMM-OAM-MIMO communication system, we assume V'
subcarriers and U (1 < U < N) OAM modes for data
transmission as shown in Fig. 1, and Vv subca~rriers and U
OAM modes for training. Usually, V <V and U < U.

To reduce training overhead, we only use one pair of the
transmit and receive UCAs for channel estimation. Then,
the equivalent baseband signal model of transmitted mul-
tiple single-mode OAM training symbols can be expressed
as FgS’(kv), where F=[f9(¢y), £H(05), -, £H(05)])"
is a U x N (partial) discrete Fourier transform (DFT) ma-
trix, £(0,)=—A[l, e 5%, ., T S (k,) =
diag{s'(¢1,k,), s'(l2,ky), - ,8 ({7,ky)} consists of the
training symbols transmitted on U OAM modes at the vth
(1 < v < V) subcarrier sequentially. Thus, the received
baseband training symbol matrix Y’ (k,) can be written as

Y/(kv) = HUCA(kv)FlgS/(kv) + Z/(kv)v €))

where Y'(k,) is a N x U matrix, Hyca(ky) is the channel
matrix between a pair of the transmit and receive UCAs at the
vth subcarrier and is selected as Hyca (k) = [hﬁ"} Nx N, and
Z'(k,) is the related additive Gaussian noise matrix.
Corresponding, the equivalent baseband signal model of
transmitted multi-mode OAM data symbols in the UCCA-
based LoS MCMM-OAM-MIMO system can be expressed
as Iy ® FH5(k,), where 8(k,) = [s¥(ky), sI(k,), -+,
s&(kv)]T’ Sn(k"’v) = [Sn(fl, ]4)1,), Sn(€27 kv)a T Sn(EUv kv)]T
is the data symbol vector on the nth transmit UCA and consists
of the independent data symbols transmitted on U OAM
modes at the vth (1 < v < V') subcarrier simultaneously.



Then, the received baseband data symbol vector y(k,) can
be written as

¥(kv) = Hucca (ko)In @ F{/8(ky) + Z(ky), (4
k

where §(k,) = [y1 (ko) ¥3 (ko) -+ yq(ko)]"s yim(ko)
= [ym(1,kv), Ym(2,k0), -+, ym(N, ky)]T is the received
data symbol vector on the mth receive UCA, Hycca (ko) is
the channel matrix of the UCCA-based system at the wth
subcarrier, and Z(k,) = (27 (ky), 23 (ky), -+, z(ky)]T is
the additive complex Gaussian noise vector with zero mean
and covariance matrix o2Iyy on the receive UCCA, zy, (k)
= [2m(L, ky)s 2m(2, ko), -+ 5 zm(IV, )] T

At the receiver, the CSI is extracted from the received
training symbol matrix Y’ (k,,) and used for signal processing.
Then, the detected data symbol vector X(k,) is expressed as

%(ky) =D(ky) (Hucca (ko)In @ Fis(k,) + 2(ky)), (5

where %(k,) = [X{(kv)a Xg(kv)v s X;(%)}T’ Xm (k)
= [2n(l1, k), Tm(l2, ky), -, 2m (b, ky)]T is the detected
data symbol vector on the mth receive UCA, and D(k,) is
a MU x MN data signal detection matrix for eliminating the
effects caused by misalignment and data recovery.

C. Power Consumption Model

Based on the common power consumption model in MIMO
systems [5], [6], we formulate the consumed total power as

P
L 4+p, (6)
p

Rntal =
where Pr is the total transmit power, p is the efficiency of
the power amplifier (PA), and P, is the total circuit power
consumption which is modeled as a linear function of the
number of transmission antennas and the number of RF chains.

The circuit power consumptions of both the transmitter and
receiver need to be considered. For the UCCA-based MCMM-
OAM-MIMO system, the two receiver structures are similar
to the transmitter structures shown in Fig. 1, with only the
PAs being replaced by low noise amplifiers (LNAs) and the
digital-to-analog converters (DACs) being replaced by analog-
to-digital converters (ADCs). Therefore, for the RF analog
synthesis structure, the total circuit power consists of the
powers of the baseband, the RF chains, the LNAs, the phase
shifters and the combiners and splitters. Since the passive
combiners and splitters without power cost are considered,
the total circuit power consumption of the analog synthesis
structure, denoted as P25, can be expressed as

PAS = 2Pgp + 20U Prp + MN Pina 4+ 2NUNPes,  (7)

where Ppp, Prp, Pina and Ppg are the powers consumed by
a baseband processor, an RF chain of the transmitter/receiver,
a LNA and a phase shifter, respectively, Prp consists of the
powers consumed by a mixer, a local oscillator, a filter and
a DAC/ADC [6]. For the baseband digital synthesis structure,
the total circuit power consumption includes the powers of the
baseband, the RF chains and the LNAs, which is denoted as
PPS and takes the form

PPS = 2Pgg + 201N Prg + NN Pixa. (8)

ITI. CHANNEL ESTIMATION AND SIGNAL DETECTION
A. Channel Estimation

According to the channel model, when N, I, R, , R,
are known, dpy in (2) is parameterized by only three param-
eters, that is, the distance r and the AoA « and ¢. There-
fore, the physical channel of the UCCA-based LoS MCMM-
OAM-MIMO communication system at the wvth subcarrier
Hycca(ky) is completely characterized by 7, « and .

To obtain the channel parameters r, a and ¢, we combine
the received signals on all the N elements as follow

17 (Huea (k) P28 (k) + 2 (k)
9

where 1 is the N-dimensional vector of omes, x'(k,) =
[ (01, ky), 2'(ba,ky), -+, 2'(lz,ky)]. 2'(ly,ky) in the

— XOY coordinate system can be derived as
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(10)

where v = 1,2,---,U, v = 1,2,---,V, hil,(k,) =
Ak, di'3), Ak, d2), <<+, bk, d}5™)), v, v/, and 7],
are the vectors from point O to point O, from point O
to the nth transmit element and from point O to the mth
receive element, respectively, J;(+) is Ith-order Bessel function
of the first kind, o7, 5, = AN (L ky). Tn (10), the
appr0x1mat10ns |r — 7, + 7| ~ r for amplitudes and
lr—rl +rl | =1 — f -rl + 7 -7/ for phases are used,
where 7 is the unit vector of 7. _

Then, all the signals received on the U OAM modes
at the V subcarriers are collected in the matrix X/ﬁf/ =
[2'(€u, ky)] 57~ When the conditions k,11 — k, = 1 and
lyt11 — ¢, = 1 are satisfied, the distance and AoA estimation
method based on a single UCA [13] can be directly utilized to
obtain the estimated values 7, & and . It is worth noting that
using the distance and AoA estimation method the required
number of training symbols of the UCCA-based LoS MCMM-
OAM-MIMO system does not increase with the number of
subcarriers, transmit and receive antenna elements, which is

opposite in traditional MIMO-OFDM channel estimation.

B. Signal Detection

In the non-parallel misalignment case, the angles « and
o result in OAM inter-mode interferences, and thus a beam
steering method [12] is applied in the UCCA-based LoS
MCMM-OAM-MIMO system, which steers the beam patterns
towards the direction of the incident OAM beam and thus
compensates the changed phases caused by « and ¢ at the
receive UCCA.



The receive beam steering matrix B(k,) of the UCCA-
based system is represented as a block diagonal matrix whose
diagonal elements are By (ky,), m = 1,2,--- 9. Bp(k,)
represents the beam steering matrix of the mth receive UCA
and is designed as By (k,) = 1 ® by(k,), where 1 is U-
dimensional vector of ones, by (k) = [¢/Wm (ko) eWa (ko)

, 6iWr§](k“)], Wit(ky) = kyR,, (cosO cospsiné —
sin 7 sin ¢ sin ¢v). After involving these phases into Fy at
the corresponding receive UCA, the effective channel of the
UCCA-based LoS MCMM-OAM-MIMO system at the vth

subcarrier can be written as

Hoavamvo (ko) = (Im @ Fy) © B(ky)Hucea (ko) Im © Ff
= [Hoam, (k0)] g » (11)

where H'oam,, , (ko) = (Fu © Bu(ky)) Hu (ko) FY de-
notes the U x U effective multi-mode OAM channel from the
nth transmit UCA to the mth receive UCA and is diagonal,
v = 1,2,--- V. When & and ¢ are sufficiently accurate,
according to Theorem 1 and Theorem 2 in [14], after beam
steering the inter-mode interferences induced by « and ¢ can
be almost completely eliminated, and the diagonal elements
of H'oam,, , (k) can be approximately obtained as

N ™
Lgme (ky),

2Tu 7,1 ™

h()AMm,,.,ku (u,u) = n(k,)

U:1,2,"',U, (12)

where 7)(ky) = g exp(—ikyr), Sqia(ky) = kuRe Ry, /7,
and 7, = min {|{,|, N — |¢.|}.

Thus, the signal detection matrix D(k,) could be designed
as the cascade of the beam steering matrix B(k,) with the
estimated AoA & and ¢, the despiralization matrix Iy ® Fy;
and the amplitude detection matrix T'~*(k, ) with the estimated
distance 7 as follow

D(k,) =T~ (ky) (In ® Fr) © B(ky),

where T'(k,) = [Cmun(ky)lgyo is the matrix designed
for eliminating the co-mode interferences between UCAs,
I'w.n(ky,) is a diagonal matrix where diagonal elements have
the same form as (12) but replacing all » with 7. Therefore, the
detected data symbol vector %(k,) ~ 8(ky) + Z(ky) + z(ky),
where Z(k,) = (T (ko) Hpanvvivo (ko) — Imur) S(ky) is the
remaining interferences induced by the error in detection
matrix, and z(k,) = D(k,)z(k,).

(13)

IV. SPECTRAL AND ENERGY EFFICIENCY

Assume that 7, is the coherence time and 7, is the
time spent in transmitting training symbols. According to the
channel estimation and signal reception discussed above, the
maximum achievable SE of the UCCA-based LoS MCMM-
OAM-MIMO system can be expressed as

nsg= | 1— .V l><
IsE = V| v

v
Z log,

v=1

-1

I‘ﬁU + (RI(kv) + R%(kv)) Rg(kv) 5 (14)

where R3(k,), RZ(k,) and RZ(k,) are the MU x NU
correlation matrices of the signal vector, the interference vector
and the noise vector, respectively. We consider equal power
allocation and denote the transmit power at each subcarrier
and each transmit UCA as P. Then, R5(k,), R%(k,) and
R%(k,) can be calculated as

5

R®(k,) =E [s(k,)s" (kv)] = UImU, (15)

Rz(kv) = (f_l(kv)ﬁé)AM-MIMo(kv)_IWU) E [g(kv)gH(kv)]
(f‘_l(kv)ﬁé)AM-MIMo(kv) —IfftU)H )

P _
:ﬁl (F 1(kU)H6AM—MIMO(kv)_ImU)

(T~ (ko) A amnvio (ko) ~Tow) ™ | (16)

and

R (k,) =D(ky)E [Z(ky)2" (k,)] D" (k)

=02D(ky,)D" (k).
Using (13), (17) can be further simplified as
R*(k,) = 02T (k) ((In ® F) © B(ky))
(In @ Fy) @ B(ky)) " (T (ky))
= o2 (¥ (k,)T(k,)) "

a7

H

(18)

When the received SNR is enough high, the estimates 7, &
and ¢ are sufficiently accurate. Then, according to the design
of the matrix T'"!(k,), the following approximations holds

f_l(kv)ﬁ6AM-MlMo(kv) ~ Inu, RI(kv) ~ 0. (19)
Under this condition, the maximum achievable SE in (14) can
be reformulated as

= |4
T,V \ 1 Py, =
~(1- — 1 ' (k,)T'(k,)] .
SE ( Tc”‘)‘/;:l 083 (k)T (k)

o2U

Iny +

(20)

According to the definition as the ratio of the capacity to the
total system power consumption, the EE of the UCCA-based
LoS MCMM-OAM-MIMO system can be written as

_ Bnse __ Bise
Plotal PT/p"‘Pc,

where B is the system available bandwidth, the total transmit
power Pr = MV P, and the total circuit power consumption
P, of the RF analog synthesis and baseband digital synthesis
structures are shown in (7) and (8), respectively.
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V. NUMERICAL RESULTS

In this section, the EE and SE performances of the UCCA-
based LoS MCMM-OAM-MIMO communication system are
illustrated and compared with that of the traditional LoS
MIMO-OFDM system. We consider a UCCA-based system in
the non-parallel misalignment with the elevation angle o = 7°
and the azimuth angle ¢ = 7°. Both the transmitter and
receiver consists of 91 = 4 concentric UCAs each having
N = 16 antenna elements, and the distance between the
transmit and receive UCCA centers is set as 7 = 4m. The
constant S is set to 16dB.
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Fig. 3: The EE-SE relationships of the UCCA-based LoS
MCMM-OAM-MIMO system implemented by RF analog
synthesis and baseband digital synthesis and the traditional
LoS MIMO-OFDM system with full digital structure.

In the simulation, 7. is assumed to be 256 OFDM symbols,
the number of subcarriers and OAM modes for data transmis-
sion are assumed to be V=64 and U =5 (¢ = 0, %1, £2),
respectively. To meet the conditions of the distance and AoA
estimation method, that is, ky41 —k, =1 and £y — €, =1
(1 <v<V,1<u<U),the subcarrier interval should
be Af, = 47.7MHz. We choose V' = 8 subcarriers from
2.244GHz to 2.578GHz corresponding to the wave numbers
ki,ko,--+ kg = 47,48,...,54, and U = 4 OAM modes
with 01, 05,03,04 = —2,—1,0, +1 for training. And R; = R,
= 1.5\, 2\1, 2.5A1, 3A1, A1 = 27/k;. Thus, the channel
estimation of the MCMM-OAM-MIMO system only requires
U = 4 training symbols per subcarrier, while the traditional
MIMO-OFDM system channel estimation requires YIN = 64
training symbols per subcarrier. Referring to the selection of
parameters in [6] and [16], the overall power consumption of
an RF chain is approximately assumed to be 250mW, and the
power consumed by other circuit components are set as FPgp
= 200mW, Fina = 20mW and Pps = 20mW.

Fig. 3 shows the EE-SE relationships of the UCCA-
based LoS MCMM-OAM-MIMO system and the LoS MIMO-
OFDM system. It is obvious that the MCMM-OAM-MIMO
system implemented by analog synthesis is more energy-
efficient than the system implemented by digital synthesis
because of fewer RF chains when part of the available OAM
modes are used. In addition, we can observe from the figure
that there are tradeoffs between EEs and SEs, but compared
with the MIMO-OFDM system, the MCMM-OAM-MIMO
system can achieve much higher EE in a large range of SE.

VI. CONCLUSIONS

In this correspondence, we investigate the SE and EE of a
misaligned UCCA-based LoS MCMM-OAM-MIMO system,

where a distance and AoA estimation method based on a
single UCA is used for channel estimation, and a signal
detection scheme including beam steering with the estimated
AoA for eliminating the interferencs caused by misalignment
and amplitude detection with the estimated distance for data
recovery is utilized. Two transceiver structures, RF analog syn-
thesis structure and baseband digital synthesis structure under
a common linear power consumption model are considered,
based on which the EE and SE performances of the UCCA-
based LoS MCMM-OAM-MIMO system are investigated. The
RF analog synthesis structure of MCMM-OAM-MIMO system
is more energy-efficient than its baseband digital synthesis
structure, which are both superior to the traditional LoS
MIMO-OFDM system in the EE and SE performances.
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