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MIMO Transmission Using a Single RF Source:
Theory and Antenna Design

Osama N. Alrabadi, Julien Perruisseau-Carrier and AntomissK
Members, IEEE

Abstract— An approach for transmitting multiple signals using  which is a burden on the wireless communication system. Con-
a single switched parasitic antenna (SPA) has been recently sequently, classical MIMO transmission especially in mipli

reported. Thefi%ea.th?re is to m‘";‘]p the signals to be ltransm“ted, scenarios may not be supported due to the practical limitati
onto a set o asis functions that serve as ‘virtual antennas of the portable RF Units.

in the beamspace (i.e. wavevector) domain. In this work, we . .
generalize the derivation of the antenna pattern basis functions ~ 10 overcome these challenges, the authors in [5] describe
regarding a 3-element SPA of arbitrary radiating elements, within  how a half rate space-time (ST) code is transmitted with a
a symmetric array topology, for multiplexing signals in the single radio. In fact, a simple time-switched ST code [6]! wil
wavevector domain (using different beampatterns) rather than outperform the approach in [5] regarding both performance
in the hardware antenna domain with multiple feeding ports. A d lexitv. In [71. th th t t
fully operational antenna system example is modeled, optimized and complexity. In [7], the authors propose an antenna syste
regarding its return loss and the power imbalance between the Of two RF sources and four antenna elements. The proposed
basis functions, and finally realized. The measurements of the antenna system is capable of changing its polarizatioe at
SPA show good agreement with the simulated target values, the modulation rate), and thus transmitting the4 Jafarkhani

revealing an accurate design approach to be adopted as a fastyqge. However, having two transmit RF chains may still be
SPA prototyping methodology. The SPA has been successfully tlv for | dt inal

employed for multiplexing two BPSK datastreams over-the-air, costly tor low-end terminais. )
thus paving the way for practically compact and highly efficient ~ On the other hand, the authors in [8] proposed a MIMO-

MIMO transceiver designs. like system using a switched parasitic antenna (SPA) with a
Index Terms— MIMO, Switched Parasitic Antenna, Basis func- smgle_RF source. The SPA was shown_to have a throughput
tions, Reconfigurable Antenna. potential comparable to that of conventional MIMO systems

by switching the SPA far-field at the modulation rate, howeve
no specific multiplexing techniques were proposed. In fact,
|. INTRODUCTION parasitic antenna systems have been proposed over thespast a
ULTI-INPUT MULTI-OUTPUT (MIMO) communica- a.promisi'ng solutio'n for addressiqg the prob'lem's assatiate
tion has gained lots of attention over the last decade W& the difficulty of integrating multiple RF chains in comgt
it enhances the spectral efficiency by exploiting the prezioPOrtable units [9]. Such antenna systems comprise a single
spatial resource dimension [1] [2]. Since the emergence RF b_ranch and multiple antenna .elements loaded by_ variable
this technology, the classical approach has been assumingg@ctive impedances. By controliing the reactance via a DC
transmitter with a number of transmit RF chains in ordéiontrol, basic antenna properties, like the beampattean, c
to independently map a set of signals onto a correspondi% reco_mflgured. _Parasmc antennas have_ bee_n widely used
set of antennas. The receiver on the other hand perforfRS Providing receive angular (or pattern) diversity (exzes
some complex signal processing so as to decode the lin8&¢ 9iven in [10] [11]) and have recently been proposed for
mixture of the signals and extract the useful data. Howevé&jalogue beam and null steering [12]. .
having multiple RF chains at the user mobile terminal iseath 1he use of a compact-sized SPA for emulating open-loop
costly. For example, the LTE - Release 8 standard supportdHMO transmission has been first proposed in the work of
single antenna for the uplink transmission and two antenréglis etalin [13] followed by work of Alrabadet al[14]. The
for the downlink reception [3] [4]. The asymmetry in the'def"‘ of using an SPA as a_MIMOtermlnaI isto erve the central
number of antennas is mainly intended for avoiding the gostictive antenna with a high frequency RF signal modulated
power amplifiers in the transmit RF chains. Although anten® the first datastream, while simultaneously driving a det o
selection is a terminal option, it requires instantanedwuzsinel Parasitic elements (PE) strongly coupled to the active oitfe w

state information from the receiver back to the transmitté? Paseband (low frequency) control signal as shown in Fig. 1.
The baseband control signal has information about the other
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of the bases from mirror image pattern pairs (MIPPS) i.ehere

when one beampattern is a mirrored version of the other, 1 5 .

regardless of how the MIPPs are expressed. We therefore Pr= TT/¢/19|Q1 () [" sin () - didp,

extend previous findings by decoupling the wavevector domai 1 .

[15] from the antenna domain and thus enabling MIMO Py = ELA'QQ (9, ) |" sin (9) - dddep, @

functionality through any antenna system capable of crgati

MIPPs. At the receiver side, we prove that the receive alaterme the Spatia| integration of the power beampatterns of
response to a beampattern that is a linear mixture of bagis(y, ) andg, (1, ») over the space, respectively. Whenever
functions, is nothing more than the linear combination & thp, — p, the two beampatterns are called ‘balanced’.

receive antenna responses to the different basis func®s | emma.1: For a MIPPG, (9, ) and Gs (¥, ¢), the set of
this way, the receiver decodes the transmitted data symbg|s angular functions defined as

by estimating the basis responses using classical training 1

techniques. Bs (9, ¢) = 7(g2 (0, 0) + G (9, 9) )7

A practical antenna system example of printed dipoles is 2
proposed, modeled, optimized regarding the average rate of Ba (9, ) := L(Gz (9, ) — G (19’@)7 ©)
transmission, finally designed and demonstrated. The mea- V2

sured return loss and radiation patterns are in good agrégenferm an orthogonal basis.

with the target parameters, revealing a fast and accurate proof: For two beampatterns that form a MIPP, we have

designing methodology. P, = P, since one beampattern is just a mirrored version of
Throughout the paper a bold small letter designates a vectio¢ other. Moreover, the correlation between the two beams i

and a bold big letter designates a matrix. The operatatsal (see the proof at Appendix), and thys, = o},. Based

0*,0",0" designate complex conjugate, transpose amh these observations, the proof is straightforward anéveng

complex conjugate transpose (Hermitian) operators, tespén (4) on top of page 3.

tively. The notationl v indicates an identity matrix of size ™

N x N. The operator diagv) returns a square matrix with corollary.1: A balanced basis is obtained by designing the

the elements of the vectarlaid across the main diagonal ofyq beampattern§; (v, ) andg, (¥, ¢) described irLemma

the matrix. Moreover, we consider a classical uniform three; g pe orthogonal to each other i.egif (9, ) andG, (¥, ¢)

dimensional angular power spectrum seen by the transmitige orthonormal Bs; (1, ¢) and Ba (9,¢) are orthonormal

(the mobile terminal), which is approximately the case whegqt.

the mobile unit is surrouqded by rpany scatterers. ' ' Proof: LetGi (9, 0) LGs (9, 0), the proof is straightfor-
The rest of the paper is organized as follows: in SectiQPard as shown in (6) on top of page 3. In (6); and P are

Il we describe a technique for transmitting two BPSK signaige spatial integration of the power beampattern8ofv, ¢)

the basis functions of a 3-element SPA based on full-wave

electromagnetic modeling, and optimizes the SPA for BPSK Ps = i/ / 1Bs; (9, ¢) |? sin (9) - ddd,
signaling regarding the average rate of transmission.i@ect Ar Jo Jo

IV describes an SPA example of printed dipoles and explains Pr — L/ / B (0 260 (9) - dod 5
its design implementation. Section V shows both simulation 27 4 o ﬂl a (0,) [Fsin (V) v ®)
and measurement results and finally Section VI concludes the

paper. [ |

Il. MIMO T RANSMISSION WITH ASINGLE RF SOURCE  B. Transmission Technique Description

In this section we first prove the existence of an orthogonal I this part we show that an arbitrary antenna system having
basis whenever a MIPP can be formed. Based on this2aingle RF input but has the capability of creating a MIPP
technique for transmitting two BPSK signals using arbjtrarwill be capable of transmitting two BPSK signals and

single radio based antenna system capable of forming a MIPR Simultaneously. The two BPSK signals are mapped onto
is described. an orthogonal set of basis functions, thus independenndadi

between the two signals is almost always guaranteed regard|

of the transceiver compactness. Let the sole RF port be fed by
the signals;, the antenna beampattern in the far-field becomes
either

The correlation between two arbitrary beampatterns

G1 (¥, ) and Gz (¥, ) is given by 1The reason we acquire an orthonormal basis (v, ) and Ba (9, ¢)
from a MIPP, is that the MIPP by itself represents a linear doatipn
(desired multiplexing relation) of the basis onto which thgnals are mapped.

_ 1 * r The diversity action of the system directly depends on thesmit covariance
o1z = VPP L /0 G (9, ) G2 (9, ) sin (V) - d¥de (1) of the basis (proportional to the identity matrix when theibasorthonormal).

A. Orthogonal Bases Using a MIPP



0on = ﬁ | B2 00183 0, )5 (0) - v
- m [ ] (6000561 0.0) (6 (0.¢) - Gi (4, ) sin ) -do

=5\ Py Py} P Pyo1s — P
QM ( 2 142012 + 112012 1)
2@ (P 1012 + F1012 1)
- 4)
= (9, 5 (9, . dvd
871\/%// 5 (0,¢) = Ba (0,¢)) (Bs; (9,9) + B (9, ¢)) sin () ©
0= wﬁ (Ps + 030 V/PsPa — 04 /PuPa — Pa)
0= - P
s/ e F)
= PE = PA (6)
A
,/% g . whereSis the antenna system state such tBat 1 is State 1
e within which the antenna system transmits oger(, ¢) and
GO=80 S:= 2 is State 2within which the antenna system transmits

over G, (4, ). From (7b) it is obvious how the two BPSK
signals:s; which is modulated in the baseband, up-converted
and fed into the input RF port ang, = (—1)%s; which is
spatially modulated on the antenna far-field by controlling
antenna stats&, are mapped onto the space8f (1, ¢) and

Baseband Control Signal

51 Ba (9, ), respectively. In general, for any PSK modulation of
R order N, s, is a set ofN complex numbers evenly distributed
Pults Snaning over the unit circle, as discussed in Section IV of [12]. Eabl

| shows the stateS required for transmittings, according

to the value ofs; where [b; bg]T is input vector of bits
b @ b modulated into[s; sz]T. Fig. 1 shows a schematic diagram
of the proposed technique, where the XORing of the two
* * ? bitstreams gives the requiresli.e. S= b; & by giving 0 and
1 which correspond t&:= 1 and S:= 2, respectively.
TABLE |
Fig. 1. Schematic diagram of the proposed technique wherfirshitstream TwWo BPSK SGNALS COMBINATIONS
is modulated, up converted and fed into the central activeef whereas
the second bitstream is XORed with the first one. The outpntrobsignal T o
is used for swapping the loads of the PE. [b1 bo] [s1 s9] S
[1 1]7 [1 1 2
(1 0o [1-1]7 1
(o 1" [-1 1]" 1
State 1 [O O]T [ 1 _1]T 2
gr (9,¢) = G (9, ) s1
51
= — [Bs: (9, ¢) — Ba (9,
\/5[ = (0, ¢) = Ba (9, )]
G (6 or State 2 Ga (9 C. System Training
™ (0,¢) B 321( ) The two BPSK signals that are transmitted in the beam-
- NG [Bs (9, %) + Ba (9, ¢)] space domain and received using a classicaform linear
or generally as array of ng antenna elementsng-element ULA), can be
— 51 1S
Gr(e) = 5 [Bs(0e) +(-1)7Ba (0,0)] 72

_ % [s1Bs (9, ¢) + s2Ba (9, )] (7b)



decoded by first estimating the receive antenna response®ftdhe PE as[jX; jX:] < [jX2 jXi], based on image

the proposed basis. theory. In other words, having the first beampattgir(¥, )
Proposition.1: A beampattern comprising a linear mixtureat [jX; jX.]|, the beampatterr§j; (9,0) = G (¥, —) Is

of basis functions (at the transmitter side) triggers adineobtained atij X» jX;]. Consequently, by feeding the central

combination of the individual channel responses to theediff active element with the first BPSK datastream and permuting

ent basis functions (at the receiver side). the loads according to the second datastream, the two stream

Proof: This directly stems from the principle of su-are simultaneously transmitted out of a single radio and

perposition in linear systems. To have a deeper insight, wepped onto an orthogonal basis accordingLeanma.l,

first define2 x 1 column vectorsG; r (¢, ¢), Gar (¥,¢), Iirrespective ofX; and X,. Having the two loadsY; and X,

Bs.r (9,¢) andBa r (9, ¢), where the first and the secondas a degree of freedom when considering BPSK signaling,

elements of every column vector represent thand ¢ po- Wwe can optimize the loads according to a specific criterion as

larizations of the corresponding pattern, respectivelg. 6o shown in Subsection III.C.

defineG. r (¥, ) as the vector of the polarization components

of the kth receiver antenna. patteth r (v, ). As in [16], we . Generalized Derivation of Antenna Basis Functions

assume that the propagation channel between the transmitte

and the receiver consists of a setlofplane waves, with the ~ Although the beampattern of thin electrical dipoles (or

Ith wave characterized by a complex voltage gainangle of monopoles) can be practically approximated as an arragrfact

departure(d; , ¢ 1), and angle of arrivalv; z, v1.r). We by the superposition of the retarded currents induced on the

also assume that each plane wave undergoes a polariza¥ii¢ antenna elements such as in Eq. (6) in [14], this is not

transformation due to scattering that can be expressedeastfhe when considering genetatdiating elements e.g. flat or

unitary matrix fractal dipoles, slot antennas etc. To overcome this proble
we implement full wave electromagnetic modeling based on
0, = [ OLo9 - OLve ] (8) the SPA scattering parameters (S-parameters) denoted by
Oley  Olep Sij, {i,j} € {0,1,2}, as well as the 3D complex active port

) patternd of the antenna elemenés 1 and2 shown in Fig. 1,
The response of théth receive antennal(_g k < nr) denoted byEo (0, @), E1 (0, ) and Es (9, ), respectively.
when illuminated by the beampattedi (7, ©) is the complex an expression of the electric far-field beampattern of a 3-
channel gain representing the ratio of the received voltag@ment SPA based on the aforementioned quantities and
signal to the transmitted voltage signal, and may be writt§Re \ariable antenna loading has been derived in [19] using
as shown in (9), wher€'; ; is a constant that depends on th@ ason's rule. From [19] and after correcting the equations
receiver and the transmitter active gains and impedandgs [, properly adhere to Masons Rule, the two basis functions

his and hy, o are the responses of tfigh receive antenna gphiained when swapping the imaginary loads of the two
to Bx (¥,9) and Ba (9, ), respectively. By applying the parasitic elements become
same analysis, the response of fith receive antenna when

illuminated byG, (9, ) becomeshys = 5 (hin + hia).  Be(0,0) = V2E, (4, )

| 1 1 2 1 2
. . ) + — (L1 + L7) By (W, 9) + (L5 + L3) By (0,
Based on this, the receiver can decode the two BPSK signals V2 ( ! 1) 1(%,%) ( 2 2) 2 (0. ¢)
by estimating the channel responses of the basis as 1
g ’ P Ba (9, 9) = —= (L1~ £3) By (9, 9) + (£~ £3) B> (9. 9)
1 11
hk,z = ﬁ (h/%l + hkg) , (108) ( )
1
N 7 (hga — hia) . (10b) Wwhere
By constructing the matrix of the receive antennas’ re- 1 I'1S10 (1 = T2822) + T'1T2812820
sponses, the receiver can zero-force the received signal by =" 1 —T1Si1 — [2822 + I'112811S22 — [112812821
inverting the channel matrix (or using any other reception 2 _ ['3810 (1 — ' 822) 4 IMT9812820
techniques) for decoding; and s,. D 1 —T81i1 — 182 + 110281182 — T11281280
rl_ I'1S20 (1 —T'a2S11) 4+ I'1T2821S10
I1l. ANTENNA MODEL AND OPTIMIZATION  1-TiSn —ToSp + TalzSuSy — TilSiSn
. 5 2820 (1 —T'1S11) + T'1T2S21S10 (12)

. L=
In this paper we adopt the antenna topology proposed in %~ 1 —T2Si1 — 1822 + [1T2811822 — T1T2812821
[14], i.e. a symmetrical 3-element SPA, where the central

element is the active one while the other two are passivezAgain we emphasize that the arbitrariness of the elementitet to the
center element being a self mirror image, and the outer two heisective

The two parasitic elements are loaded with pure imaginafyiror images of each other, both about a vertical plane thatess the left
loads [jX; jX»] as the real part of a complex load deand right sides of the SPA structure

grades the efficiency of the antenna system. Obviously thesThe active port pattern is defined as the beampattern obtaihed driving
e corresponding port (whether being active or passive) avunit excitation

antenna S_ySte_m can Cr?ate a MIPP ground the E-plane cﬂ;‘%ge signal while terminating the other ports with refex impedances
yz plane in Fig. 1) by simply permuting the reactive loadgs].



L
hi1 = Cra Z Gi.r Vi r,o1r) BiIO1G1 T (Y11, 01,1)

=1

L
=Cr1 > _Gr.r (Vg 1.r) B0 (Bs.r (D1, e11) — Bax (911, ¢11))
=1

L L
=Cpy Z Gi.r Vir,o1r) BIOBs 1 (V1.1,01,1) — Cia Z Gi,r (V1R 01,R) BIOBa,T (V1,1 01,7)

=1 =1
1
=7 (hi,s — hi,A) 9)
andS;; € S such that covariance matrix R is obtained as
Soo So1 Soz R—i//BHﬁ B (¥, ¢)sin (9) - did
= y P , @) smv) - 2

S=1| S Su Si2 |, (13) T an @ Jv (9,¢) B3, ¢)oin (9)

Sap So1 Sao - { Ps. 0saVPsPa
Ty = (i Xn+ 2Z0) (G Xk — Zo), k€{1,2}, (14) oAV P2 P Pa ’

= diag[Ps Pal, (16)

where we assumeld, = 0 by having the source impedance at
the central driven port equal to the reference impedéafice- which is simply the power distribution across the basis func
50€2. The basis coefficients in (12) are derived with respect tmns sincep,,, = 0 according toLemma.l Notice that
a general scattering matrix. Swapping the two reactivedoaés; + Pn = P, + P, = 2P, = P,, which is easily obtained
as [y I'y] «» [I'y Ty], swaps the coefficientéC} — £7) «» from (2) and the basis definition in (3), whet® is the
(£2 — £}), k€ {1,2} in (11), thus phase-shiftinga (¢, ) average transmit power. Defining the power imbalance ratio
by 180° without affectingBy, (9, ¢). By this way, the(—1)° between the basis functions as= If—i, we can writeR as
factor in (7a) is obtained. The two functio® (9, ¢) and P,Q whereQ is the normalized power distribution across the
Bs: (9, ) are the basis functions that are used to transmit tvibasis functions such that trgd@@} = 1. Q can be written as
PSK signals of any modulation order [14]. diag([¢1 ¢2]) such thatg; = /(1 +r) andgs = 1/(1 + 7).
From the above, the received signal model becomes

y = \/FtHwQ1/2S+ n
B. Received Signal Model =/PA, H,Q"?s+n (17)
——
Considering a narrowband, flat-fading, point-to-point eom "
munication link where the two BPSK symbols are transwhere P; is the power into the transmitter (input power) and
mitted in the beam-space domain over two basis functiofis< A, < 1 is the efficiency of the transmit antenna system
(equivalent to two uncorrelated virtual antennas) andivede being equal toAr = 1 — |I'|?, whereT is the SPA return
using anng-element ULA of uncorrelated and uncoupledoss derived in [19]. Finallys = [s; s2]T is the vector of the
antenna elements. Assuming independent fading statiaticsnodulated BPSK signals (see TABLE [), amdis a vector
the transmitter and the receiver, the Kronecker produc} [2@presenting the white Gaussian noise, with zero mean and
can be assumed and thus the channel transfer function carrpevariance.
written ad "
Hon = HuRp", (15) C. Optimization Criterion
o ) In this work, we define the optimal SPA loads as the ones
where the elements of the matrbt,, € C"#"* are inde- i maximize the average rate of transmission. However,
pendent and identically distributed (i.i.d.) complex G&i@8 i \iMO communications, average rate computation often
random variables with zero mean and unit variance. Th@mands tackling calculations of expectations with respec
correlation at the receiver side is ignored by the aforemefy ranqom matrices rather than random scalar variables. For

tioned assumptions regarding the receiving ULA. DefipingﬂS reason, we derive an upperbound on the average rate
the row vector3 (v, ¢) = [Bs, (0, %) Ba (0, ¢)], the transmit 504 geploy it as an optimization criterion. We assume open-

loop operation where the channel is known to the receiver but

4In [21], the correlation based channel model accounts for rtheual unknown to the transmitter. The ergOdIC capacity of a MIMO

coupling by explicitly incorporating the coupling matriceslowever in
(15), the mutual coupling is implicitly taken into considéoat within the 5Since the basis functions are imbalanced, the transmit @@ matrix
calculation of the basis functions in (11). rather than the transmit correlation matrix is considered.
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Fig. 2. Schematic diagram of the SPA initially proposed in][24 Fig. 3. An optimization contour map regarding the upperboumésg, with
respect toX; and Xo.

random channel, denoted Ky, ,, is the ensemble average of . . .
the information rate over the distribution of the elements @\. Design Parameters and Optimal Loading

H — 1/2 nRX2 i . . . . I .
the channel matrixt = H,, Q" € C"#*%. By using the  1pq first design steps consist of making some initial choices
log, det(-) formula [22], the upper bound that comes froMyn the antenna materials and the basic topology. We corsider
the Jensen’s inequality and the concavityled, det()®, we 3 gjement SPA of flat dipoles as radiating elements as shown |

get Fig. 2, designed on ah = 1.5 mm thick substrate of relative
Z- permittivity ¢ = 2.17. The dipole lengths and spacing are
Sav = En {10552 det ('2 + OzT HHH)] 48.3 mm and11 mm, respectively. The spacing is 0.1\ at
PA " the desired operational frequency 26 GHz. The SPA was
< log, det (lz + ;QT]EH [HHH]> simulated using HFSS, with ports at the locations of the
PK variable loads. The resulting scattering matrix is given by
= log, det <|2 + Z;Q)
Tin —0.43+70.09 0.51 —70.09  0.51 — 70.09
~ log, <1 N PA 7 > . (18) S=1| 051-70.09 —026+70.14 0223023 |,
o2(1+r)2 0.51 —70.09  0.22—70.23 —0.26 + 70.14

In (18), the average transmitted power is not divided by the (20)
number of the basis functions (the number of the virtual . . . .
antennas), since the trace ©fis normalized to a unity rather Where the matrix is symmetric by the reciprocity theorem
than to the number of the basis functions (both forms at€. by the usual assumption of employing antennas with
equivalent). The optimal loading is defined as the one thelectrically reciprocal materials, thuS;; = S;;. Moreover,
maximizes the average throughput upperbound in (18) i.e. the symmetric topology of the SPA shown in Fig. 1 ensures
PA T (19) that Sps = Sp1 and Sao = S11. The antenna system is lossy
W)} asS”S -+ 1, when compared to the lossless 4-port network
(expressed bySgq) in [19] as ngsEQ = |4 by the energy
In (19), AT is made part of the optimization criterion byconservation principle when inCIUding the radiated beams i
constrainingP; rather thanP, as the SPA efficiency is a keythe network structure. Further, the diagonal elementsSof

design parameter when considering portable RF units wie non-vanishing as we aim at diminishing the return loss
limited storage batteries. of the central active element rather th&p. The resulting 3-

port S-parameters and the complex 3D active port patterns
were exported to MATLAEY, where a computer routine
scans the realizable range of the reactance space searching
In this section we consider the 3-element SPA shown for [X; X5], , given by (19). Fig. 3 shows an optimization
Fig. 2, where the radiating elements are thin printed dgolecontour plot of S, (X7, X2) at a transmit signal to noise
The planar topology of the SPA makes it better fit imatio’ (SNR) P;/o2 = 10 dB. The figure shows thak,, is
compactness-constrained mobile units as compared to thaximized afX; XQ]Opt = [-100 + 27] . At such loading,
majority of the wire parasitic antennas already proposed tine upperbound orn,, is 5 b/s/Hz, the power imbalance
the literature. The current SPA was proposed earlier in,[24Jetween the two basis functions @856 dB, and the SPA
however in this paper we complete the work by describing the

implementation and the measurements of the prototype. 7In fact, the transmit SNR? /o2 is commonly used in the literature when
evaluating the system performance. However, as the SPAngaddill affect

. L L } . the transmit SNR through the matching efficiency, it seems marsoreable

®Thelog, det() is concave over posn_lve semi-definite matrices [23]. Smc?o useP; /o2 which is s?mply the trans?nit SNR byefore the mismatch effect

Q is positive semi-definite, the term + ——"-Q is positive semi-definite too, yepresented by\r. On the other hand, the way of calculating the receive

o

as it is a one-to-one mapping &, thus preserving the positive definitenessSNR s different and is shown later in Eq. (20).

X1 Xolopt = 1 1
(X1 Xo]opt arg[ga)é]{ogz( +

IV. ANTENNA SYSTEM DESIGN
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B. Reconfigurable Impedance Implementation f (GHz)

The design of the variable load, explained in more detail in
the earlier partial work of [24], consists of the followingeps: _ _ _
First, an adequate layout for the reconfigurable load area,cf? ’i.q from the S-parameter measirements on & decieatebmETRL
be controlled using a PIN diode, is selected (‘Reconfig@raliaiibration kit, from [24]. The OFF and ON diode states cspand to a
Load Area’ in Fig. 4a). The parasitic capacitan¢&(,, C'pp, reversed Vpc = 0V) and forward { = 9mA) bias, respectively.
andCp,) between the different pads are extracted from full-
wave simulations. Here the inductive effect in the pads can )
be neglected in the design. Subsequently, the surfacetemburnd Z2 at the design frequency &f6 GHz are+38 (2 and
elements to implement 4, and Z,, are deduced from the —108 Q in the ON and the OFF states, respectively. These
circuit of Fig. 4 so that the overall impedance in each stat@/Ues are close to the target reactances 2if(2 and — 10012,
7, and Z, (see Fig. 4b) match the target values deduced tﬁqnaden_ng_the tolerances of the SMD elements and the impac
the previous section, namely; = jX; = j(+27) Q and of the biasing network. The real parts ¢f, and Z, are
Zy = jX,; = j(—100) Q. Finally, a DC biasing network not_ exactly zero due the diode and _SMD components finite
was designed using large RF-block inductdig and a re3|§tances, which were neglected in the design prqcedure
resistor Rpc to precisely control the diode biasing current(their measured average values are oaly(2 and +3Qin
As can be seen in Fig.6, the DC paths are then drivére QFF and the ON states, respectively). The target basis
to the other side of the substrate by vias, where they cifictions (@fX: Xof,,, = [-100 +27] ) and the achieved
conveniently be connected to the DC voltage referencesein €S (X1 X2, = [-108 + 38] ) are compared in Fig. 7,
antenna environment (see Section V). The PIN diode (Aerofl8k0Wing very good agreement.
Metelics MPN7310A-0805) serves as a low capacitance fast
switch, with a negligible transient switching time (orderfs V. SIMULATION AND MEASUREMENTRESULTS

nanoseconds) Z,,, and Z,, are capacitors 00.5 pF and  The current section presents the measurements of the-differ
0.8 pF, respectively. The biasing network elements Bfg>  ent SPA parameters and compares them to the corresponding

=22 nH andRpc = 910 2. . _ parameters obtained by computer simulations.
In order to experimentally validate the reconfigurable load

design prior to its insertion in each of the SPA parasitic .

dipoles, it was fabricated and measured using a thru-refleft Anténna Demonstration

line (TRL) calibration kit, which allows placing the measur A photograph of the fully operational fabricated antenna
ment reference planes at the desired locations, as requiedshown in Fig. 6. It was observed that a good balanced
here. It is then possible to extract the desired impedanaegitation of the active dipole is simply obtained by cortimer

7, and Z, from the measured S-parameters and microstripe central and the outer conductors of a coaxial connector
line impedance, as shown in Fig.5 for each of the diode each of the dipole arms. The variable load designed and
states. The imaginary parts of the measured impeddfice characterized in Section IV.B was introduced in each ptcasi



DC Cable

Fig. 6. Photograph of the fully operational SPA, optimizedtfee proposed

aerial MIMO approach. Fig. 8. Set-up of the antenna for reconfigurable radiatiottepa measure-

ments, with a9V battery places behind the absorber cone in a direction of
By (9 =n/2,¢), target. the low field intensity.
02 Ba(0 =7/2,¢), target.

® +  Bs(0 =7/2,¢),achieved.
x  Ba(¥ =m/2,p),achieved. 0 T
= Sim.
\ —+— - State 1, Meas.
oL State 2, Meas. | |
\.
—90° 0dB
-120°
_ _ _ _ 14 ; ; ; ;
Fig. 7. The magnitude of the H-plane co- polarized basis fanst at 28 24 28 2-6/((‘”)27 2829 8

the target loads of+27 — 100] Q2 and at the practically achieved loads of
[+38 —108] Q. The two basis functions resemble the omni and the angular
sine functions, which are orthogonal to each other.

Fig. 9. Return Loss (dB) of the SPA for both loading states$.e= 1 and

S:=2.
dipole of the SPA, including the DC biasing network. The
DC ground pad of each variable load on the backside of the ) )
substrate is connected by a printed line to the coaxial attone ONly shows the response in the operational states of the
outer conductor (which thus serves as a DC ground), wheréd§€nna, namely when it is loaded by the reactance load pairs
each actuation pad (shown a&pc’ in Fig. 4) is connected [iX1 jX2] and [jX; jXi]. As explained earlier in Section
by a thin wire to the bias voltages for controlling the statdy> the return loss is the same for both states due to the
of the diodes. In order to improve the antenna performane&” Symmetry, which is confirmed here by the similarity
and provide pure measured patterns, the DC wires are driR#fween the two measured curves in Fig. 9. The SPA was
along the coaxial feed, which is oriented toward the minimuffund to have poor maiching in the two (unused) states
radiation of the SPA (i.e. parallel to the dipoles, see Fig. 8JX1 jX1] and[j X, jXy]), which are not shown here.
A standard)V battery is used as a DC source in the radiation 1"€ agreement between simulations and the measurements
pattern measurements. The battery is placed behind a picdnoderate, since the measured bandwidth is larger than
of an absorber (located in the direction of minimum radiaté#® one obtained by simulation and is not exactly centered
power density), as can be seen in Fig. 8. Therefore the amte@foUnd the design frequency af6é GHz. Nevertheless the
states were simply selected by connecting each of the tftasurements show good return losg.atGHz. The—10dB
DC wires to theOV or 9V references. The impact of theMmeasured bandwidth 6% and7.}% for a reference of-10
biasing voltages on the antenna performance was investiga@B, for S:= 1 and S:= 2, respectively .
showing similar responses for10V to 0V as the OFF (or
‘reverse-biased’) state, while-3V to +10V are acceptable C. Radiation Patterns

for the ON (or ‘forward-biased’) state. Fig. 10 shows the H-plane co- and cross- polarized far
fields in the first operational antenna sta® :& 1). Note
B. Return Loss that the maximum of the co-polarized beampattern, located

Fig. 9 shows the simulated and measured return loss of #iep = +90°, corresponds to the direction of the load in
SPA around the design frequency 26 GHz. The graph the OFF state. The simulated and measured co- and cross-



polarized beampatterns are in good agreement, as shown in - sim. - Gopol.

0°

Sim. Crosspol.
—+— Meas. - Copol.
—*— Meas. - Crosspol.

Fig 10. Because of the SPA symmetrical structure and the 7
reactance pair antisymmetry, the other antenna beampatter

should simply be a mirror image of the first beampattern
around thep = 0° — 180° axis, which is well verified by

the measured prototype as can be seen in Fig. 11.

-90° 0dB

D. Experimental Results

The proposed antenna prototype has been successfully usec
for spatially multiplexing two BPSK datastrearoger the air
at 2.6 GHz. The experiments constitute to the best of the
authors’ knowledge the first MIMO transmission with a single 180°
RF source yet to be proposed. The first train was modulated
into a BPSK symbol stream (using a raised-cosine waveform
with 0.3 roll-off factor) and up-converted to 2.6 GHz. Theig. 10. Simulated and measured co- and cross- polarizatiolpenents
high frequency signal was modulated to the central elemerfithe beampatterd: (9, ») in the H-plane i.eGi (9 = 5, ¢), at f = 2.6
within a modulation bandwidth 0633 kHz. The second CGHz
binary train was XORed with the first binary train in the
baseband domain and the output baseband control signal was . o e 1~ Gone
amplified and used for switching the SPA loads. A simple zero- > : 3222215?5;';
forcing decoding was implemented by the receiver which was
equipped with two distant omnidirectional monopole antenn
separated from each other B®3cm or 2\, and both are
located several wavelengths from the SPA (the receiver is
located in the broadside direction of the SPA, but compfetel -0
blocked from the transmitter in the sense that no line-gffsi
between the transmitter and the receiver exists). Thevecei
first estimates the receive antennas’ responses to the two
beampatterngj; (¢, ¢) and Ga (¢, ¥) using classical training,
then the response to the basis is obtained from (10a,10b).
Finally the 2 x 2 complex channel matrix is inverted and
used for equalizing the received signal. A total bit rate32(
kbps was obtained with arbitrarily low error, thus a spdctra. o
. . . . Fig. 11. Measured co- and cross- polarization componenthefoeam-
efficiency of1.54 b/s/Hz can be claimed. Although this seemg,yemsg, (9 — T ) andGa(? = Z,¢) at f = 2.6 GHz. Notice that
far from the target upperbound 6fb/s/Hz, it is well justified G,(9 = Z,¢) ~ G2(9 = T, —¢), restilting in a MIPP.
by the fact of using real signaling with uniform distributio
rather than complex signaling with Gaussian distributibime
details of the experiments’ setup are detailed in [25]. (Py) versusE, /N, obtained by measurements as well as the
Fig. 12 shows the received signal constellations afterlequperformance of & x 2 BPSK-MIMO with a Rayleigh channel
ization (spatial separation), onto which the transmitigdas of independent and identically distributed coefficientad a
(red dots) are also projected, for comparison reasons.yEveero-forcing decodirfy The figure shows that the performance
demodulated signal comprises of two noisy clouds such thatthe beamspace MIMO is comparable to the conventional
X1 = ¢ Ucy andXy = ¢3 U cy. The receive SNR of théth  one, thus validating the importance of such a new approach
cloud is calculated as for realizing single radio compact-sized MIMO transcesver

E {cfc;} — Var{c;}
Var{c;}

»y 6

0dB

X
xxxxxxx

SNR; = VI. CONCLUSION

The paper generalized a previously reported approach for

where E {.} returns the SamP'e mean of the operand arfpansmitting multiple signals using a single RF source. The
Var{.} retuns the sample variance of the operand. The fOlfs5 is to obtain an orthogonal or orthonormal basis out of

clouds have almost the same SNR and the mean of the fRbps The paper also provided design steps for an example
SNRs is finally considered. The bit SNR referred td8$No, ot 5 3.element SPA, capable of forming a MIPP that are
is calculated by adding0log,(0.5K) to the average SNR piror images of each other. The SPA was optimized for

(in dB), wherek is th? number of.samples per one Symp%PSK signaling by deriving a criterion that maximizes th&SP
whereas the).5 factor is due to using real signaling. In this

experimentC was set tdh samples per symbol such that each srheoretically, P, of a2 x 2 BPSK-MIMO under Rayleigh fading and a
transmission had10 symbols or equivalently2048 samples. zero-forcing receiver is unsurprisingly identical to therformance ofl x 1

On the other hand, Fig. 13 shows the bit probability of err@Psk-sISO ier, = 0.5 (1— /52442 ) [26].
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First Substream axis taken from the MIPP axis of symmetry (thlecan be
4000 ' | dropped for simplicity). The MIPP can generally be written
2000 as Gi(p) and Ga(¢) = Gi(—¢). The Gi(p) can be further
0 written asGr(¢) + jG1(p), whereGr(p) andG;(p) are the
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