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SUMMARY In recent years, wireless communication technology has
been studied intensively. In particular, MIMO which employs several
transmit and receive antennas is a key technology for enhancing spec-
tral efficiency. However, conventional MIMO architectures require some
transceiver circuits for the sake of transmitting and receiving separate sig-
nals, which incurs the cost of one RF front-end per antenna. In addition to
that, MIMO systems are assumed to be used in low spatial correlation en-
vironment between antennas. Since a short distance between each antenna
causes high spatial correlation and coupling effect, it is difficult to miniatur-
ize wireless terminals for mobile use. This paper shows a novel architecture
which enables mobile terminals to be miniaturized and to work with a sin-
¢gle RF front-end by means of adaptive analog beam-forming with parasitic
antenna elements and antenna switching for spatial multiplexing. Further-
more, statistical analysis of the proposed architecture is also discussed in
this paper.

key words:  single front-end architecture, parasitic antenna elements,
MIMO, equal gain combining

1. Introduction

Conventional MIMO architectures need a transceiver cir-
cuit for each antenna, which means that multiple antenna
systems increase power consumption and size of RF front-
end circuit. Hence, a single RF front-end architecture is an
ideal one to overcome this problem. Some techniques re-
alizing MIMO with a single RF front-end circuit have been
proposed. One such technique is to use parasitic antenna
elements. The elements are not supplied with power and
only reflect incident radio waves [1]. The single RF front-
end MIMO can be realized when the value of variable re-
actances connecting to parasitic antenna elements are con-
trolled properly so as to generate orthogonal directivity pat-
terns, because each orthogonal directivity pattern is spatially
independent and can receive spatial distinct signals [2]. An-
other technique for realizing MIMO with a single RF front-
end is antenna switching method based on sampling theo-
rem for band-limited signal [3]. In [4], spatial multiplex-
ing with phase state preserved can be realized using antenna
switching. If the phase of signals is obtained in addition
to its’ amplitude, a diversity combining technique of mul-
tiple antenna systems can be operated effectively in digital
signal processing (DSP) stages. However, both techniques
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decrease the SNR because these processes cause aliasing
and interference effect from other channels against desired
signals. In order to avoid undesired effects, the rotation
speed of antenna directivity or the antenna switching rate
must be higher than signal bandwidth. Furthermore, chan-
nel selection filters are needed in front of these processes
[5]. The problem common to both methods is deterioration
in quality of the SNR. Beam-forming techniques in digi-
tal or analog dimension are well known as the method to
improve the SNR by steering a directivity to desired sig-
nals. Adaptive analog beam-forming systems using para-
sitic antenna elements are called ESPAR antenna systems
[6]. Of course, ESPAR systems with a single RF front-end
can also achieve spatial multiplexing [7]. In contrast, to the
best of our knowledge, few papers discuss the compatibility
between antenna switching and analog beam-forming. This
paper proposes a novel single RF front-end MIMO architec-
ture which takes advantage of not only antenna switching for
spatial multiplexing but also adaptive analog beam-forming
by parasitic antenna elements for compensating the switch-
ing penalty. Although the proposed architecture necessitates
antenna switching frequency higher than signal bandwidth,
the operating frequency of steering directivity by parasitic
antenna elements can be reduced down to the fading rate
known as Doppler spread that characterizes the time vari-
ation of the channel; therefore, while the change of beams
within the symbol period expands the signal bandwidth, the
effect in the proposed architecture is negligible because the
directivity pattern to the direction of arrival wave by para-
sitic antenna elements has not been changed during the sym-
bol time.

2. SNR Penalty on Antenna Switching for Spatial Mul-
tiplexing

In wireless communication system where signals’ band-
width is limited, the Sampling theorem states that signals
have redundancy in time domain. The received RF sig-
nal, s,(f), at m-th antenna with spectrum, S,,(f) = 0 in
|f — fc| > B/2 where f is carrier frequency, can be recov-
ered when the signal is sampled in a time period shorter than
1/B, even though the SNR of switched signal deteriorates.
Now, consider the system which consists of M anten-
nas in Fig. 1 where the band-limited RF signal impinges at
each antenna and passed through a band pass filter (BPF)
which is needed for anti-aliasing caused by switching oper-
ation at next stage, but not for selecting channels. Channel

Copyright © 2012 The Institute of Electronics, Information and Communication Engineers
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Fig.1  Antenna switching operation.

selection is performed at the baseband by DSP. Then, the RF
signal is sampled and holded during 7'/M time period.

The switched signal, §,(¢), at m-th antenna is expressed
as the product of s,,(#) and u,,(t) defined by Eq. (1) in the
form of Fourier series.

(1) = Z H(%(r— mT_lT—nT))
_ 1 i sin (@n/M) s (-t 7 ) n
B M ~  7n/M
where
1 ifxe|-11
N =4 | : ?] )
0 1fx¢[—5,5]

Then, the SNR of switched and sampled signal is
derived as follows. Wiener-Khinchin theorem states that
power spectrum density (PSD) is the Fourier transform of
auto-correlation function. §,(f) has the auto-correlation
function, A,,(7), as Eq.(3) because s,,(f) has the auto-
correlation function, A,,(7) = &[5,(t)s,(t + 7)], if 5,,(¢) is
wide sense stationary. Note that &[-] denotes expectation
operator.
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According to Wiener-Khinchin theorem, Sl f) is of
the form shown in Eq. (4). Note that ¥ [-] denotes Fourier
transform operator.
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Furthermore, a PSD of switched white noise, N( f), is
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Fig.2  Equivalent MIMO channel.

of the form in Eq. (5), provided that the white noise has a
constant PSD, Ny/2, before switching. Note that B; (x) is
the Bernoulli polynomial of second degree.
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Assuming that s,,(¢) is band-limited in |f — f.| < B/2
and switching period for m-th antenna, 7, is shorter than
1/B, then the switching operation does not cause aliasing.
Therefore, the signal can be recovered according to the
Sampling theorem. However, the SNR of switched signal
through the BPF whose bandwidth equals B is deteriorated
by 10log M [dB] from Eq. (6) where v is the average branch
SNR before switching.

fc+B/2
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From above discussion, equivalent MIMO channel in
Fig.2, H, affected by switching operation is expressed as
Eq. (7) where H and h; are a conventional MIMO channel
and a M X 1 conventional channel vector respectively.

- 1 1 1 1
H=|—h, -, —=h, -, —=h,|= —H (7)
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3. Statistical Analysis of Parasitic Antenna Element
System

In previous section, it has been shown that antenna switch-
ing architecture can realize spatial multiplexing at the ex-
pense of performance degradation as compared to conven-
tional MIMO architecture, and the SNR penalty of switch-
ing process is evaluated theoretically. In order to overcome
this penalty, we apply an adaptive beam-forming with para-
sitic antenna elements to our architecture. Parasitic antenna
elements (PAEs) are connected not to the RF front-end but to
the variable reactance. Re-radiation effect of these elements
enable us to steer the directivity adaptively by changing the
value of reactances. In the switching process for spatial mul-
tiplexing, the single RF front-end is connected to only one
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Fig.3  Parasitic antenna element system.

antenna, whereas the other antennas are terminated in open
or connected to dummy loads. At this, if these unconnected
antennas are tapped to variable reactances and deployed as
PAEs, the PAEs contribute to improve the SNR. This section
shows that this proposed operation is sufficient for compen-
sating the penalty of SNR and its average error probability is
the same stochastic characteristic of Equal Gain Combining
(EGC) in digital signal processing.

Now, consider a system which consists of one transmit
antenna, one receive antenna and one PAE. Since PAE and
usual antenna exchange the their roles as whether receive
antenna or PAE periodically in antenna switching frequency,
the state fixed in a period is equivalent to Fig. 3. Analysis of
this system leads us to obtain statistical characteristics of the
proposed architecture. First, let us define a scattering matrix
of free space and a reflection coefficient of the reactance
value connected to the PAE as S and I'p respectively. Then,
a scattering matrix of free space including parasitic antenna
elements, S, is expressed by Eq. (9) [8].

Str SR STp
S£|Srr Srr Srp (3
Spr Spr Sep
g 2 STT SjTR
Srr SRR
Str=Str+St@G —Spp) ' Spr
Str =St + St — Spp) ' Spr ©)

Srr = Skr + Srp(Tp! — Spp) ' Spr
Srr = Srr + Sre(TH! — Spp) ' Spr

Therefore, the spectral efficiency in this model is for-
mulated by Eq. (10) where vy is average branch SNR, pro-
vided |I'p| < 1 holds: the PAE are passive.

C/B = S[max log(l + ylS’Rle)}
[Fpi<1
= 8[10g(1 + 7y max |S’RT|2)} (10)
ITpl<1

From Eq. (10), maximization problem on the spectral
efficiency results in another maximization problem on the
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channel gain, |§ RT|, because a logarithm function is mono-
tonically increasing.

If a random variable, W, is defined as the maximum
value of the channel gain, W can be rewritten as Eq. (11) and
optimal reflection coefficient of parasitic antenna element,

l"gpt, is determined uniquely and written as Eq. (12).

max |S RT|
ITpl<1

1>

w

¥
SppSreSPT|  ISRPSPT]
2 2
1 —|Sppl 1 —1|Sppl
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IS rpSprl [(1-1S pp*)S R +S RPS PTS f1p|
SrpS pr (1-1Sppl)S kTS pp+S rPS IS PPI*
ISrpSprl [(1-1S ppI?)S RT+S RES PTS b

1)

Syt +

12)

If Sgr and S pr are correlated random variables and fol-
low a complex Gaussian distribution, CN (0, o%), XandY
which are defined by Eq. (13) are Rayleigh random variables
correlated to each other.

{X 2 |SRT 4 SwSweSen

1-|S pp[?
y & ISwSe| . (13)

1-1S ppl*

Let pw(w) be the probability density function (PDF) of
W, and then it is of the form of Eq.(14) with joint PDF,
Pxy(x, y).

pw(w) = f f 6w —x —ypxy(x,y)dxdy  (14)

Although it is difficult to obtain py(w) in closed form
[9], the average error probability of BPSK modulation in
this model can be obtained because W consists of the sum
of two Rayleigh random variables [10]. It means that this
system has the same statistical characteristic as EGC which
is a kind of diversity combiner.

When the random variables, w = [wy, wy]?, follow a
multivariate complex gaussian distribution, joint PDF, p(w),
is written as Eq. (15) subject to &[w] = 0 [11].

1
— -1
p(w) = 2 [det ] exp (—w v w) (15)
2
_ N Oy oxoyl
Y= 8[ww ] = [a-xa'y{* 0_%/ }

The absolute value of random variables, X = |wy| and
Y = |wyl|, have the joint PDF, px y(x, y), which is written as
Eq. (16).

4xy
oy (1-1F)
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Therefore, the characteristic function of this joint PDF,
ow(&), is expressed by Eq. (17) where I'(x) is the gamma
function and | F(a; b; x) is the Kummer’s function of the
first kind [12].

pw(©) = (1- 1P Z[(w) Loa (1 :0%)

n=0

X Lo (&1417 crzy)] : (17)
where
Lo (&16P50%) £ Tn+ 1)
2(1 _ 1712
X Fy [n+ 1;%;—&52]
+je|o? (1 - 1) T (n+%)

33
><1F1[n+ 35T

Since the statistical characteristic in this model does
not depend on any modulation formats, for the simplicity in
analysis, we assume that the transmitted signal, s, is modu-
lated by BPSK. Then, the received signal, r, after coherent
detection in PAE system is expressed by Eq. (18). Note that
an additive noise, z, follows CN (0, o-ﬁ), and ‘R [-] denotes
the real part of a complex number.

r=X+Y)s+R[z]=Ws+mn (18)

Therefore, the average error probability, P,, of BPSK
modulation in coherent detection equals P,(0) because
Eq. (19) holds where P,(r) is cumulative distribution func-
tion of received signal.

- { Probability in » < O where s = 1 (19)

Probability in r > 0 where s = —1

¢n, (&) is the characteristic function of In-phase component

of noise and is expressed by exp (— 5 ) Provided that ny

is random variable independent of W and s, the characteris-
tic function of r, ¢, (£), is the product of ¢w (&) and ¢, (£)
which are characteristic functions of W and ny respectively.
Therefore, ¢, (¢) is written as Eq. (20).

n\2
0@ =(1-1) ('g' ) Loa (:122:02)

n=0

X Lo (5125 0%) | x 717 (20)

According to Gil-Pelaez’s inversion formula [13], cu-
mulative distribution function and characteristic function
have a relationship shown in Eq.(21). Note that J [-] de-
notes the imaginary part of a complex number.
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Thus, the average error probability is obtained as
Eq. (22) from Eq. (20) and Eq. (21). Note that ,F(a, b; c; x)
denotes the Gauss’ hypergeometric function.
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Given o-f(, a‘% and ¢, theoretical curves can be drawn.

These parameters of the system now considered are summa-
rized in Eq. (23) where a correlation coefficient, p, is defined
as & [S RTS ;T] /a'é. Equation (23) shows that p is modified
by Sgp and Spp, ¢, therefore, indicates a modified correla-
tion coefficient in this model.

* 2
2 _ SppSwre SepSgp ) 2
oy =1+ || +2R |p—2%|)os
X ( 1-15mP PiSwl
2 _ [ _ISrel 2
O_Y - (1_\51,1,\2) O-S (23)

Sy SpplSrel?
_ . ],|S]:;|2 * (1il|)spp|2)2 2
- oxoy S
The squared absolute value of p coincides with the
envelope correlation [14] or the power correlation [15] in
our assumption. |p|?> is often given by Jakes’ model [16]
or Blanch’s model [17]. Since the Jakes’ model assumes
that no mutual coupling between two dipoles exists and the
directivity is omni-directional, the Blanch’s model is more
appropriate to the PAE case that is a narrow spacing case
where the lower correlation coefficient is observed [18].
Figures 4 and 5 show that the results of Monte Carlo sim-
ulation are consistent with theoretical curves where average
branch SNR, , is expressed by og/oy and p is given by
Eq. (24) as Blanch’s model for symmetric antenna structure.
Furthermore, theoretical curves of two branch Maximum
Ratio Combining (MRC) given by Eq. (25) and two branch
EGC are also plotted in Figs. 4 and 5 for comparison.

2R [S5pS e P

lol* =
(1 = (ISppP? + 1S rp2))*

(24)
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Table 1 shows the antenna structure parameter and Ta-
ble 2 shows the S parameter of this model calculated by
Ansoft HFSS in 3.0 GHz, assuming that antennas consist of
perfect electric conductor. Equation (22) states that opti-
mal adaptive beam-forming in this system, in spite of only
one receiver, has the same stochastic characteristic as two
branch EGC. In particular, Fig. 5 shows that performance of
PAE system in d = A/8 is almost the same as that of two
branch MRC. From these results it is believed that the adap-
tive beam-forming using the PAE is equivalent to the tech-
nique co-phasing the signals on each pseudo-branch, wx and

d=N4
(p=0.23)

@ PAE (Simulation)
=== PAE (Theory)
= = = MRC (Theory)
1= 1= EGC (Theory)

Average error probability
S

10
Average branch SNR [dB]

Fig.4  Average error probability of PAE system where d = 1/4.

d=M8
(p=0.38)

PAE (Simulation)
=== PAE (Theory)
_\ = = = MRC (Theory)
10 F : ¢| rm = EGC (Theory)

Average error probability

0 5 10 15 20
Average branch SNR [dB]

Fig.5  Average error probability of PAE system where d = 1/8.

Table1l Antenna structure parameters in Fig. 3.
A[m] g[m] r[m]
0.100 | A/1000 | /1000
Table 2 S parameters in Fig. 3.
SRP Spp
d=21/4 | —-0.00888 — j0.258 | 0.444 + j0.281
d=2/8 0.218 — j0.378 0.330 + j0.442
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wy, as if two antennas are deployed and the EGC technique
is applied to the signals. Since the performance of EGC
is quite close to that of MRC which achieves full diversity
order, typically exhibiting less than 1 dB of power penalty
[19], the PAE operation with high mutual coupling can in-
crease the SNR by about 2 to 3dB ind = 4/8.

4. Performance Evaluation of Proposed Architecture

In previous sections, it has been shown that PAE operation
can improve the error probability. In the case of M = 2 and
d = A/8, in particular, Sect. 2 shows that the switching effect
decreases the SNR by 3 dB and Sect. 3 shows that PAE oper-
ation increases the SNR by 3 dB. Therefore, notwithstand-
ing a single RF front-end, performance of the transceiver
equipped with both switching architecture and PAE opera-
tion seems to be the same as that of conventional one. Fig-
ure 6 shows our proposed architecture in MIMO case. In this
section, performance of the proposed architecture is evalu-
ated by computer simulation in terms of spectral efficiency
subject to 2 X 2 MIMO as shown in Fig. 7. In the simula-
tion, conventional channel matrix is generated by Kronecker
model [20] where the receiving correlation is only consid-
ered and given by Blanch’s model.

In this simulation model, equivalent MIMO channel is
written as Eq. (26) and the spectral efficiency is calculated
by Eq.(27). Note that ' [-] denotes transpose operator and
(+, -y denotes inner product operator.

e L [SjRT] ) Sk, (H)} N
V2 [Ser, I2)  Spr, (I2)

C/B = max logdet(I +yAH"
/ [Ty, IM2 <1 & ( Y )

= log |1"1n|}1%)|(sl [1 + % (lﬁl|2 + |f12|2)

hy (T'y)

1
V2 [’flz (Fz)} (26)

Variable Reactance

Transceiver

[\ | Variable Reactance

\ S

Fig.6  SF-MIMO w/ PAE: Single Front-end MIMO with Parasitic
Antenna Element.

Variable
Reactance

Variable
Reactance

Transmitter Receiver

Fig.7  Simulation model.
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20
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Average branch SNR [dB]

Fig.8  Spectral efficiency of proposed architecture where d = 1/4.
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=== SF-MIMO w/ PAE
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Spectral Efficiency [bps/Hz]
S
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Average branch SNR [dB]

Fig.9  Spectral efficiency of proposed architecture where d = 1/8.

(R funf) e

According to Eq.(27), this maximization problem is
a combinatorial optimization because there is the term
<ﬁ1,ﬁ2> in this equation. A full search algorithm with 1
degree step size is used in order to find the optimal reflec-
tion coefficients, I'\" ' and F;pt. Results of this simulation are
shown in Figs. 8 and 9.

While Fig. 8 shows that performance of the proposed
architecture is worse than that of conventional one because
of insufficient improvement by PAE, Fig. 9 shows that per-
formance of the proposed architecture is improved by about
2 to 3dB as expected and then the switching penalty for
spatial multiplexing is compensated. In addition to that, in
a case with higher mutual coupling and spatial correlation
compared with d = 1/8, we obtained a result that the spec-
tral efficiency of the proposed architecture remains but that
of the conventional architecture deteriorates. These results
confirm that performance of the proposed architecture is tol-
erant to high spatial correlation environment while the con-
ventional MIMO architecture suffers performance degrada-
tion from high spatial correlation environment.

5. Conclusion

A novel architecture that realizes single RF front-end by an-
tenna switching for spatial multiplexing and improvement
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of SNR by adaptive beam-forming was proposed. Further-
more, statistical analysis of the antenna switching system
with a parasitic antenna element was discussed theoretically.
It was confirmed that the distribution of improved channel
by our proposed architecture is identical to that of the out-
put from equal gain combiner. This paper also showed that
the results of computer simulation in MIMO case give the
performance of proposed architecture with d = 1/8, which
is the same as that of conventional one. As a result, this
scheme provides compact transceivers.
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