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Mode-Based Computation Method of Channel
Characteristics for a Near-Field MIMO

Youndo Tak, Student Member, IEEE, and Sangwook Nam, Member, IEEE

Abstract—This letter proposes a new mode-based method
for estimating the channel characteristics of a near-field mul-
tiple-input—-multiple-output (MIMO). When an antenna array
composed of a short electric dipole and a small solenoidal loop
is used, a 2 X 2 near-field MIMO can be effectively constructed
according to the orthogonality of the TM ;, and TE;, modes. By
using the proposed method, the transmission characteristics of the
MIMO and the mutual coupling effect at the antenna array can
be easily calculated. In addition, the capacity of the MIMO can
also be calculated by using the analysis results.

Index Terms—Addition theorem, antenna mutual coupling, mul-
tiple-input—-multiple-output (MIMO) channel, near-field MIMO,
small antennas.

I. INTRODUCTION

ARIOUS communication technologies have been pro-

posed to support the explosive growth of information
transfer. In particular, multiple-input-multiple-output (MIMO)
technology, which uses multiple antennas for transmitting and
receiving signals, has been developed to increase the maximum
available data rate for limited wireless resources. According to
MIMO theory, a wireless channel can be spatially parallelized
by using transmitting and receiving arrays, and thus the ca-
pacity of the channel can be increased by using space—time
multiplexing [1].

In a conventional MIMO, where transmitting and receiving
arrays are placed in the far-field region of the antenna elements,
a channel can be multiplexed by the rich multipath environ-
ment. The channel characteristics are therefore determined by
the scattering properties of the channel. In a near-field MIMO,
the transmitting and receiving arrays are placed in the near-field
region, where the reactive coupling dominates when compared
to far-field multipath scattering of classical MIMO [2]. In a
previous study, the channel characteristics of near-field MIMO
were analyzed by a full-wave simulation, and it was shown that
each eigenmode of the antenna array could be considered as an
individual independent channel [3].

If an electric short dipole and a small solenoidal loop (or
magnetic short dipole) are used for transmitting and receiving
arrays, the near-field 2 x 2 MIMO can be easily constructed
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Fig. 1. Antenna array consisting of a short electric dipole and a small loop.

because the spherical modes generated by the antenna can be
considered as independent multiplexed channels. The analysis
for the near-field 2 x 2 MIMO, which comprises an electric
dipole and a 7 /2-tilted magnetic short dipole, has recently been
presented [4]. However, this method is difficult to apply in a
general case where each element of the transmitting and re-
ceiving arrays is arbitrarily placed with a different orientation
and distance.

II. ANALYSIS OF TRANSMISSION CHARACTERISTICS OF
NEAR-FIELD MIMO COMPRISING SMALL ANTENNAS

The electromagnetic field in the space around an antenna can
be described as a combination of orthogonal spherical waves.
According to the addition theorem, the spherical waves that
spread out from the transmitting antennas can be transformed
into another combination of incoming spherical waves at the
receiving antenna. Hence, the interaction between the transmit-
ting and receiving antennas can be estimated by using the addi-
tion theorem [5]—[7]. If the antennas are electrically small, the
interaction between the transmitting and receiving antennas can
be simplified because electrically small antennas predominantly
generate a TMyg or TE;g mode. A number of studies based on
the addition theorem has recently been conducted regarding the
mutual impedance analysis between small antennas [5]—[7].

If transmitting and receiving antenna arrays are composed of
a short electric dipole and a small solenoidal loop as shown in
Fig. 1 and the relative positions of antennas are given as shown
in Fig. 2, the equivalent circuit for describing transmissions be-
tween the transmitting and receiving arrays can be given as in
Fig. 3, based on the equivalent circuit description as shown
in [6] and [7]. Because a short electric dipole generates only
a TM 1y mode and a small solenoidal loop (or a short magnetic
dipole) dominantly generates only a TE;; mode, the transmitted
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Fig. 2. Near-field 2 x 2 MIMO using an antenna array comprising a short elec-
tric dipole and a small solenoidal loop (or a short magnetic dipole).
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Fig. 3. Equivalent circuit description of near-field 2 x 2 MIMO.

signals from each transmitting antenna can be simply described
by a single outgoing spherical wave, defined as

Va(Tx#l)

ATM o (Tx#l) = —F—————
VRe (Zagrep))

Va.(TX#Q)

AOTE 1o (Tx#2) —  ———
v Re (Zarxp))

and similarly, the received signals at each receiving antenna can
be described simply by a single incoming spherical wave, de-
fined as

)

Vamx#1)
brMyo(Rx#tl) = —F—m———
Re (Za(rsgy)) 2
Va(Rx#Q)
bIE, (Rxs2) = —F————

Re (Za(rep2))
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where the terminal voltage and impedance of each antenna are
given as V, and Z,, respectively.

Based on the analysis in [6] and [7], which is derived from the
addition theorem, the transmission matrix of a near-field 2 x 2
MIMO comprising short electric and magnetic dipoles can be
given as (3), shown at the bottom of the page, with each param-
eter given as

AIIO,IO(TU7 907 ¢07 01, (ZSI)
= cos f; |:P(](COS Ho)h((f)(k;ro) + Py(cos eo)hf)(kro)}

1
~5 sin 81 Py (cos Qo)hg) (krg)(cos ¢ cos o +sin ¢ sin ¢p)

“
Bio,lo(roa b0, bo, 01, P1)
3
=3 sinfy P} (cosﬁo)h?) (kro)(cosgy singg —sing cosd)
(6))

where £ is the propagation constant, 7, is the efficiency of each
antenna, h.; (x) is the spherical Hankel function of the second
kind, and P/ (x) is the associated Legendre function of the first
kind. Accordingly, the channel matrix of the near-field 2 x 2
MIMO can be given as (6) by using the relations between the
spherical wave and the terminal voltage shown in (1) and (2)

1 -1
. — Re(Zamx#l)) 0
w — 0 1
Re( Z(rexs2))
I S 0
e ©
Ro(Za(ras))

Because each antenna element of the array shown in
Fig. 1 generates different spherical modes, the channel can
be described as multiplexed based on the orthogonality of
the spherical modes. Therefore, each spherical mode can be
considered an independent channel. Because the cases that
use TE;g and TM;; modes have orthogonal polarizations
with the same radiation pattern, the channel can be said to be
multiplexed by the polarization diversity.

III. MUTUAL COUPLING CONSIDERATIONS

If the antenna arrays are implemented in a restricted space,
the antenna elements are placed close to each other and then
mutually coupled. In a transmitting array, the radiated field gen-
erated from a certain antenna can also be received by another
antenna element of the array. The actual voltage applied in the
antenna, therefore, is altered from the value initially given. If a
transmitting array composed of n antennas is given, the voltage
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vector v, which is actually applied at each antenna element, can
be found by
v=CrZT(ZT + Z,) 'vi = CrxVs (7)

where the vector of source voltages is given as v, ZT is the
impedance matrix at the transmitting end, Zg is the diagonal
matrix composed of the source impedances Z,,,, of each trans-
mitter, and d Cr is the diagonal matrix with entries [Cr]
(ZZ—'n + Zbrt)/Znn

When electromagnetlc fields are received at the receiving an-
tennas, the received fields at each antenna element can be rera-
diated and received by another receiving antenna of the array.
Through this process, the final received voltage at the terminal
can be changed. Recently, a new study about the mutual cou-
pling in the receiving mode has shown that the coupling ma-
trix at the receiving array needs to be given differently because
the coupling paths in the receiving mode differ from those in
the transmitting mode [9]. If a receiving array is composed of
n antennas and the terminal voltage vector generated by the ini-
tially received fields is given as x, the received terminal voltage
vector v,., including mutual coupling effects, is given as

nn

1 —Z12 ... —=Zi»
Zn Zn
—Zn 1 —Zax
Zu le
Vr = X = CRXX (8)
—Zn1 —Zn2
pA™ Zin ’ 1

where the load impedances of each receiver are given as Zy,,
and the mutual impedance between the +th and jth antennas is
given as Z;;.

IV. CHANNEL MATRIX FOR 2 X 2 NEAR-FIELD MIMO AND
CAPACITY ANALYSIS

In [5] and [6], the mutual impedance of two small coupled
antennas is shown to be easily estimated by using a mode-based
analysis. Hence, if the transmitting and receiving antenna arrays
are made up as shown in Fig. 1 and sufficiently separated from
each other so that the antenna spheres of the antennas do not
overlap, mutual impedance can be given as [7]

Z12(Tx) = Z21(Tx)
= \/ﬁa(Tx#nRe (Za(Tx#l))
X \/7 a(Tx2) Re (Za(Txp2))

/ .
x BlO,lO (7 O¢Tx) ‘90(Tx) ’ ‘750(Tx) ’ 91(Tx) ’ ¢1(TX)) )

Z12(Rx) = Z21(Rx)

= \/Tla(R.X#l) Re (Za(R,x#l))

X \/na(Rx#Z)R'e (Za.(Rx#Q))
X B£0,10 (TU(R,XVHO(RX)%¢0(Rx>791(nxw¢l(Rx>) (10)

where B 19(70, 0o. ¢o, 61, ¢1) is given again by (5).
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If the antenna elements of the transmitting array are simul-
taneously matched, the realizable matching impedance can be
given as in [10]

o1 + \/K w9 + \/Z
Zsl = = (11)
2Re (Za(Txp) 2Re (Za(Txpn))
where
a1 =—2jRe(Zarxp) ) I ( Za(rssen))
+5Im( Z12(1x) Z21(Tx)) (12)
oy =—2jRe(Zyirxpen) ) I ( Zarocen))
+jIn1(Z12(TX) Z21(Tx)) (13)

A=[2Re(Zu(rag) Re(Zucrxs) )~ Re(Ziaers) Zoa (1))
(14)

For the receiving array, the matching load impedances Z}; and
Z1o can be calculated in the same manner.

When the mutual couplings at the transmitting and receiving
arrays are considered, the channel matrix can be given as

—|Z12(T5) Za1 (1) ‘2

H = CrxH,Crx (15)
where Crx is given in (8), H,, is given in (6), and Crx is
given in (7) [8]. From (15), it can be shown that if the charac-
teristics of the individual antenna and the geometrical parame-
ters of the system are given, the channel matrix of the near-field
2 x 2 MIMO can be estimated by the proposed method.

If the channel matrix is given, the capacity of the MIMO
can be estimated. According to the Shannon theorem, for the
channel matrix H, the capacity of a 2 x 2 MIMO is given as

2 2
7o 70
=Y log (1 /\.,-_):1 : (1 )\1-—)
; ogy {1+ A 5 ngg + A 5

where ); is the 7th eigenvalue of HFH, with the superscriptH
representing the conjugate transpose, and 7y is the signal-to-
noise ratio (SNR) [11]. In addition, the eigenvalues of H*H
can be calculated by the following

(16)

det(\I - HYH) = 0. (17)

V. EXAMPLE AND DISCUSSION

As an example, the characteristics of a 2 x 2 near-field
MIMO, which is composed of an electric short dipole and
a small 5-turn solenoidal loop, are investigated. As shown
in Fig. 4, the length of the electric dipole is 5 cm and the
radius of the solenoidal loop is 10 cm, and they are placed
in a diagonal configuration (fgrx) = fomrx) = 0.757,
Po(rx) = Po(rx) = 0.57) with a distance of 15 cm. In addition,
the solenoidal loop of each antenna pair is 7 /4-rotated counter-
clockwise around the positive y-axis (f1(Tx) = 01(rx) = 0.257,
ouTx) = OuRrx) = 0). The operating frequency is set to
13.56 MHz, and the impedance characteristics Z, of each
antenna are analyzed by the commercial method of moments
(MoM)-based electromagnetic (EM) simulator.

When the distance between the antenna pairs is set in the par-
allel and diagonal configurations as shown in Fig. 4, the capacity
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Fig. 4. Example of a near-field 2 x 2 MIMO. (a) In a parallel configuration.
(b) In a diagonal configuration.

characteristics of the near-field 2 x 2 MIMO, where the trans-
mitting SNR is given as 30 dB under the equal power allocation
condition with the same amount of total transmitted power, are
calculated by the proposed method. The calculated results for
the different conditions are compared in Fig. 5.

According to the results, it can be shown that the 2 x 2
near-field MIMO using an electric short dipole and a small
solenoidal loop can increase the channel capacity. The capacity
performance of the given example, however, appears degraded
in the region of a distance larger than 0.03A compared to
the single-input-single-output (SISO), which uses only short
electric dipoles as transmitting and receiving antennas. This
result is due to the fact that, in this example, the efficiency of
the small solenoidal loop is much smaller than the short electric
dipole.

VI. CONCLUSION

By using an antenna array composed of a short electric dipole
and a small solenoidal loop, a near-field 2 x 2 MIMO can be
constructed because the orthogonal TM;y or TE; spherical
mode can serve as an individual channel. In this case, the trans-
mission characteristics of the near-field MIMO can be estimated
by the mode-based method because the interaction of the small
antennas can be simply derived based on the addition theorem of
the spherical waves. Mutual coupling at the transmitting and re-
ceiving arrays can also be calculated in a similar manner. Hence,
using the proposed method, channel characteristics can be deter-
mined for a near-field MIMO where a mutual coupling between
antenna elements exists, and the capacity of the MIMO can also
be effectively estimated.
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Fig. 5. Capacity calculation results of a near-field 2 x 2 MIMO under the con-
dition of the equal power allocation with the same amount of the total trans-
mitted power (yo = 30 dB). (a) In a parallel configuration. (b) In a diagonal
configuration.
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