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History

2001: Wennström & Svantesson
11.2. SWITCHED PARASITIC ANTENNAS
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Figure 11.1: A five element monopole SPA. The center element is active
and connected to the transceiver. The four passive antenna elements can be
switched in or out of resonance using appropriately biased pin diodes.

λ
8
λ
8

0.21λ

λ
4

λ
200

Figure 11.2: A seven element monopole SPA. The center element is active and
connected to the transceiver. The three passive antenna elements closest to
the active can be switched in or out of resonance using appropriately biased
pin diodes. The three outermost monopoles are hardwired to ground.

characteristics, such as directivity and/or dual band tuning, as demonstrated
in [STLO00], where a genetic algorithm approach was taken to optimize a
six element switched beam antenna. If the parasitics are moved closer to the
active element, the mutual coupling increases and the change in the radiation
pattern when switching is greater. However, the antenna impedance changes
also more dramatically, which makes the antenna matching difficult. Hence,
a too large mutual coupling renders an inefficient antenna. The trade-off is
thereby between compactness and high directivity on one hand, and antenna
efficiency on the other.

The antennas in Figures 11.1 and 11.2 were simulated using High Fre-
quency Structure Simulator (HFSS) from Agilent Technologies Inc., which is
a 3D simulator using the finite element method to solve for the electromag-
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Figure 11.5: The complementary cumulative distribution function of the
MIMO channel capacity for the N=M=4 case. The SNR is 4 dB and the
scattering disc radius is 50λ. The parasitic antenna is shown in Figure 11.1.

complex Gaussian distribution. Using the array antenna at the UE results
in a slightly higher capacity than the array-parasitic configuration, however
at the expense of more hardware due to the use of four transceivers instead
of one. If the SPA is used also at the BS, the capacity is further decreased,
as the signals from the modes becomes correlated due to the small angular
spread as seen at the BS.

The capacity at 10% outage is presented in Figures 11.6 and 11.7 for the
two types of antenna configurations respectively. A large disc correspond
to an indoor scenario, where both BS and UE are surrounded by scatterers.
The other extreme, with a small scattering disc centered at the UE, as in an
outdoor to indoor channel, results in a smaller capacity, due to the reduced
angular spread, and hence, lower angle diversity gain. This can especially be
seen in the case where the BS and the UE are both equipped with parasitic
antennas. The capacity increases when the radius of the scattering disc
exceeds the BS to UE distance, where full angular diversity also is possible
at the BS.

At high bit rates, it might not be possible to switch through several
modes during a symbol interval. Therefore, a system with only two modes
was investigated. The parasitic antenna in Figure 11.1 was used, but only two
modes with lowest signal correlation (opposite in direction) were exploited.
The capacity at 10% outage is shown in Figure 11.8. Comparing Figure 11.6
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”With n switches, there are 2n different modes, or settings of the switchable diodes.“
”The receiver switches through and samples the chosen modes during one symbol interval.“
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History

2005: Kalis & Carras
The mutual information of a communication link

Y = f (X) + N

is determined by the differential entropy H(Y ) at the receiver input.

For any invertible function f (·) modelling the propagation channel, the differential
entropy at the receiver H(Y ) is an increasing function of the entropy at the
transmitter H(X).

Thus, getting large H(X) is equally well as large H(Y ) and equally well as large
mutual information or large entropy at any point on the propagation channel
(”aerial entropy“).

The wavefield on air is given by the data D and the array factor of the antenna
denoted by A. For X = (D, A), we have

H(X) = H(D|A) + H(A).

Ralf Müller (FAU & NTNU) Load Modulated MIMO 17-May-2016 4 / 23



History

2007: Kalis, Papadias & Kanatas

A technical structure to utilize aerial entropy.

An active antenna is fed by an RF-signal cor-
responding to a binary data stream.

Another binary data stream is used to switch
two parasitic antennas between short and
open creating alternating mirrors.

The configuration is shown to achieve a mul-
tiplexing gain of 2.

KALIS et al.: A NOVEL APPROACH TO MIMO TRANSMISSION USING A SINGLE RF FRONT END 975
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Fig. 2. Empirical capacity CDF of the proposed BS-Alamouti architecture
for SNR = 5dB

the 2 × 2 space-time transmission matrix for the two symbols
x = [ x1 x2]

T , is

X =

√
Es

2

[
x1 x2

−x∗
2 x∗

1

]
(14)

where (Es/2) is the average transmit energy per symbol
period per antenna. The rearranged symbols received over two
symbol periods through the wireless channel are

y =

[
y1

y∗
2

]
=

√
Es

2

[
h1 h2

h∗
2 −h∗

1

]
x+ n =

√
Es

2
Hx+ n

(15)

where we have assumed that the channel remains constant over
the two symbols period and is frequency flat, and n = [n1n

∗
2]

T

is the noise vector for the two consecutive time periods,
assumed to be ZMCSCG. At the output of the linear combiner
of the receiver, the received vector is simply described by the
left multiplication with the conjugate transposed matrix HH :

ỹ =

√
Es

2
HHHx+ HHn

=

√
Es

2
aIx+ ñ (16)

where a = (|h1|2 + |h2|2) is the effective attenuation by the
channel. Since the columns of the matrixH are orthogonal, the
components of ñ are uncorrelated ZMCSCG, and the received
symbols will have a signal-to-noise ratio (SNR), that is equal
to the mean SNR of the two diverse channels used, therefore
averaging out deep channel fades and high channel gains. In
this work we exploit the Alamouti transmit diversity scheme
by applying the orthogonal coding scheme onto the beamspace
domain. Assume for example that we want to transmit the
symbol vector xbs using a set of orthogonal functions in
the beamspace domain

{
BT,i(Θ̂T ), i = 1, 2, . . . , MT

}
. The

radiation pattern on each symbol period using this approach
will be equal to BT xbs as in (7). Following the analysis in
Section II.A, the system will therefore be described by

Fig. 3. A 3-element switched parasitic dipole array

y = [ h̃
V 1

h̃
V 2

]xbs + n (17)

where h̃
V,i

represents the coupling between the orthogonal

function
{
BT,i(Θ̂T ), i = 1, 2, . . . , MT

}
of the transmitter and

the omni-directional antenna at the receiver. We may now
define a 2×2 beamspace-time transmission matrix for the input
vector xbs = [ s0 sπ ]T , according to the Alamouti scheme,

Xbs =

√
Es

2

[
s0 sπ

−s∗
π s∗

0

]
(18)

where (Es/2) is the average transmit energy per symbol
period per orthogonal basis function. The signal arriving at
the receiver will be

ybs =

√
Es

2

[
h̃V 1 h̃V 2

h̃∗
V 2

−h̃∗
V 1

]
xbs + nbs =

√
Es

2
H̃

V
xbs + nbs

(19)

Note that the matrix H̃
V
preserves beamspatial and temporal

orthogonality, i.e.,

H̃
V
H̃

H

V
= H̃

H

V
H̃

V
= (|h̃

V 1
|2 + |h̃

V 2
|2)I2 (20)

Due to the orthogonality of the code, it turns out that the
mean SNR of the received signal for the 2 by 1 transmit
diversity system implemented in the wavevector domain is
equal to the mean SNR of the two diverse channel used, as
in the traditional Alamouti case. We have therefore shown
that transmit diversity schemes following the Alamouti space-
time codes may be implemented by sending diverse symbols
simultaneously towards different virtual angles of the wireless
channel by using orthogonal bases in the wavevector domain,
instead of feeding diverse elements in the antenna domain.
This is also shown in Figure 2 through simulation results,
where the simulation parameters used are the same as in the
BS-MIMO case presented in the previous paragraph.

III. PARASITIC ARRAYS FOR BS-MIMO TRANSMISSION

In this section we present how parasitic arrays that are
able to transmit two symbol streams simultaneously towards
the channel’s virtual angles using a single RF front end
are implemented. We consider for this task both SPA and

In the sequel, the authors published several papers to generalize from binary to
non-binary data streams.

Ralf Müller (FAU & NTNU) Load Modulated MIMO 17-May-2016 5 / 23



History

2011: Alrabadi et al.

The first working prototyp.

ALRABADI et al.: SPATIAL MULTIPLEXING WITH A SINGLE RADIO: PROOF-OF-CONCEPT EXPERIMENTS IN AN INDOOR ENVIRONMENT . . . 179
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Fig. 3. A simplified schematic diagram of the signal flow at the transmit
side.

Fig. 4. Schematic diagram of the amplifier circuit used for magnifying the
baseband control signal as well as a display of the baseband control signal
before and after amplification.

diode). The choice of the operating frequency was determined
by the MMDS band (2.5 − 2.7 GHz) at which the available
MIMO testbed operates. The testbed consists of a transmit
subsystem unit shown in Fig. 2 (the receive subsystem unit
is not shown for the lack of space) supporting up to two RF
modules (however in this experiment only one RF module is
used at the transmit side and two at the receive side). The
synchronization of the MIMO testbed is made through a GPS
synchronization unit.

Fig. 3 shows a simplified schematic diagram of the signal
flow at the transmit side. A digital baseband signal generated
by the SBC62 stand alone DSP card is converted to ana-
log using the DAC40 omnibus module (both the DSP and
the DAC are from Innovative Integration [7]). The SBC62
DSP stand alone card is based around the Texas Instrument
TMS320C6201 processor whereas the DAC40 is a four chan-
nel analog output module. Each channel is independent and
capable of generating 40MHz waveform via 14-bit converters.
The four DAC channels are used to generate In-phase and
Quadrature-phase baseband inputs to every RF module. The
analog baseband is up-converted to the desired frequency in
the MMDS band and transmitted through the antennas after
passing through a bandpass RF filter. In the next section we
describe how a baseband control signal is used to mimic a
second stream of data at the transmit side.

On the other hand, the signals are captured by two omnidi-
rectional antennas spaced by 23cm or 2$. The received signal
passes through the RF filters to the RF modules where it is
down-converted to the analog baseband and digitized using
the A4D1 omnibus module. The omnibus module is a 10 MHz
14-bit ADC of four channels from Innovative Integration.

III. EXPERIMENT DESCRIPTION

A. Signal Processing Before Transmission

Two binary trains of pulses was generated at a bit rate of
410kbps each. 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. The high frequency
modulated signal is used to drive the active antenna element
(the central element of the SPA shown in Fig. 1). The
second binary train was XORed with the first binary train
in the baseband domain and the output baseband control
signal was amplified and used for switching the SPA loads
(%&1 ⇋ %&2). The amplification of the baseband control
signal is necessary as the switching diodes of the parasitic
antenna elements need a minimum range of ±6V in order to
operate, whereas the output of the DAC ranges between ±2' .
Fig. 4 shows the comparator circuit that was used to magnify
the voltage level of the control signal, using the LM6171
high-speed low-power low-distortion feedback amplifier from
National Semiconductors [8]. The sources ' ((1 = +9.7'
and ' ((2 = +8.9' are taken from an external DC power
supply giving an output of ±9' with a negligible transient
delay compared to the symbol period. The amplifier offers a
high slew rate of 3600V/*+ and a unity-gain bandwidth of
100 MHz and is capable of amplifying the input signal with
a switching frequency of 500 KHz and an amplitude ranging
between ±2' . Fig. 4 shows also the input and output control
signals i.e. the control signals before and after amplification,
as well as the switching transients (it can be observed that the
transient delay is indeed negligible compared to the symbol
period).

B. Signal Processing After Reception

As the data symbols are carried over two spatial functions
over the air, the receiver needs to estimate its antenna re-
sponses to the two basis functions using a predefined training
sequence (a training sequence of 8 BPSK symbols was used
for every BPSK substream). The SPA far-field $(!) is at one
of two states: either $1(!) = ℬ1(!) + ℬ2(!) or $2(!) =
ℬ1(!) − ℬ2(!) [5]. The receiver constructs the equivalent
channel matrix representing the receive antenna responses to
the spatial basis functions. The equivalent matrix is used for
equalizing the received signal and decoupling the two BPSK
symbol streams. We have adopted the linear zero-forcing as
a simple decoding technique, thus the estimated transmitted
signal becomes

x̂ = H−1y

= x + H−1n (1)

where H is a 2 × 2 matrix given by

H =
1√
2

(
ℎ11 + ℎ12 ℎ11 − ℎ12

ℎ21 + ℎ22 ℎ21 − ℎ22

)
, (2)

such that H"# , {., %} ∈ {1, 2} is the response of the %th receive
antenna to ℬ"(!), whereas ℎ"# , {., %} ∈ {1, 2} is the response
of the %th receive antenna to $"(!), according to the relations
between $"(!) and ℬ"(!), . ∈ 1, 2 [5]; the operator (.)

−1
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Spatial Multiplexing with a Single Radio: Proof-of-Concept Experiments
in an Indoor Environment with a 2.6-GHz Prototype

Osama N. Alrabadi, Chamath Divarathne, Philippos Tragas, Antonis Kalis, Nicola Marchetti,
Constantinos B. Papadias, and Ramjee Prasad

Abstract—This letter validates a previously reported concept
regarding the capability of transmitting multiple signals using
one RF chain and a compact switched parasitic array (SPA). The
experiments were conducted in an indoor environment using a
2.6 GHz prototype made of a single active printed dipole coupled
to two passive ones. To the best of our knowledge, this is the first
over-the-air experiment of spatial multiplexing with a single RF
frontend yet to be demonstrated.

Index Terms—Spatial multiplexing, , SPA, basis functions.

I. INTRODUCTION

ANALOGUE SPATIAL MULTIPLEXING techniques us-
ing compact parasitic antennas with a single RF chain

have recently been reported [1-5]. The main idea of using an
SPA for emulating a MIMO terminal is to smartly encode
the signals onto the beampattern variations by parasitically
controlling the driving antenna. This is done by mapping the
independent datastreams onto a predefined basis that composes
the SPA far-field.

Background: In [1], the authors proposed the idea of map-
ping the signals onto a set of predefined cardioids in the
SPA far-field. By defining the spatial basis functions as ℬ1(!)
and ℬ2(!), the desired beampattern in the far-field becomes
"1ℬ1(!) + "2ℬ2(!), where "1 and "2 are the signals to be
spatially multiplexed. The reactive loads of the SPA were op-
timized for creating the (most accurate) linear combinations of
the basis functions, under BPSK signaling. The work has been
enhanced in [2] as an orthogonal spatial basis was obtained by
decomposing the Euler functions comprising the SPA far-field.
The approach in [2] maintains the SPA efficiency in case of
BPSK signaling and preserves the SPA loadings as a degree
of freedom to be optimized regarding a given criterion. The
criterion was chosen to be the outage rate in [3] and finally
the technique has been scaled to any PSK signaling dimension
in [4].

Current Contribution: The current letter validates the con-
cept of analogue MIMO transmission over the air in an
indoor office environment. The experiments took place in the

Manuscript received November 3, 2010. The associate editor coordinating
the review of this letter and approving it for publication was K. K. Wong.

O. N. Alrabadi is with the Broadband Wireless and Sensor Networks Group
(BWiSE), Athens Information Technology (AIT), GR-19002, Athens, Greece,
and with the Center for TeleInFrastructure (CTiF), Aalborg University (AAU),
9220, Aalborg East, Denmark (e-mail: osal@ait.edu.gr, ona@es.aau.dk).

C. Divarathne, P. Tragas, A. Kalis, and C. B. Papadias are with the Broad-
band Wireless and Sensor Networks Group (BWiSE), Athens Information
Technology (AIT), GR-19002, Athens, Greece (e-mail: {cdiv, ptra, akal,
papadias}@ait.edu.gr).

N. Marchetti and R. Prasad are with the Center for TeleInFrastructure
(CTiF), Aalborg University (AAU), 9220, Aalborg East, Denmark (e-mail:
{nm, prasad}@es.aau.dk).

Digital Object Identifier 10.1109/LCOMM.2011.121310.102119

DC Cable

Fig. 1. SPA of printed microstrip dipoles.

IP Engine

DSP Mainboard

IO Board Power Unit

GPS UnitRF FiltersRF Modules

Fig. 2. Transmit subsystem unit.

Broadband Wireless and Sensor Networks (B-WiSE) lab of
Athens Information Technology. The target is to transmit two
BPSK datastreams over the air via a single RF source at
the transmit side as detailed later. The rest of the paper is
organized as follows: Section II describes the transmit and
receive subsystems. Section III describes the experiment setup
whereas Section IV highlights the experiment results. Finally
the paper concludes with its results.

II. TRANSMIT AND RECEIVE SUBSYSTEMS

The experiments were conducted using a 2.6 GHz SPA
prototype shown in Fig. 1, which has been fully modeled
and optimized in [5]. The SPA consists of three printed
dipoles (central active surrounded by two parasites) where the
planar topology makes it better fit for handheld terminals. The
dipoles’ spacing is 11mm and the dipoles’ lengths are 42mm.
The SPA is optimized for BPSK signaling [6], regarding the
average rate of communication at a target frequency of 2.6
GHz. The antenna system maintains a transmit efficiency
above 95% while switching its loading state (the loads are
switched using the Aeroflex Metelics MPN7310A-0805 PIN

1089-7798/11$25.00 c⃝ 2011 IEEE
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inverts the matrix operand and finally n is a vector representing
the additive white Gaussian noise with zero mean and /$

variance. Every demodulated signal comprises of two noisy
clouds such that x̂1 = c1 ∪ c2 and x̂2 = c3 ∪ c4 as shown
in Fig. 5. The signal-to-noise ratio (SNR) of the .th cloud is
calculated as

SNR" =
!

{
c%
" c"

}
− Var {c"}

Var {c"}
(3)

where ! {.} returns the sample mean of the operand and
Var {.} returns the sample variance of the operand. The four
clouds have almost the same SNR and the mean of the four
SNRs is finally considered. The bit SNR referred to as 0&//$,
is calculated by adding log10(0.5+) to the average SNR (in
dB), where + is the number of samples per one symbol
whereas the 0.5 factor is due to using real signaling. In this
experiment, + was set to 5 samples per symbol such that each
transmission has 410 symbols or equivalently 2048 samples.

IV. EXPERIMENTAL RESULTS

Fig. 5 shows the received signal constellations after equal-
ization (spatial separation), onto which the transmitted signals

(red dots) are also projected, for comparison reasons. The
figure shows that the two BPSK signals have been indeed
decoupled at the receiver side thus validating the theory of
MIMO with a single RF source. On the other hand, Fig. 6
shows the bit probability of error (1&) versus 0&//$ obtained
by measurements as well as the performance of a 2×2 BPSK-
MIMO with a Rayleigh channel of independent and identically
distributed coefficients, and zero-forcing decoding1. The figure
shows that the performance of the beamspace MIMO is com-
parable to the conventional one, thus validating the importance
of such a new approach for realizing single radio compact-
sized MIMO transceivers.

V. CONCLUSION

A successful MIMO transmission at a total rate of 820kbps
has been conducted over the air, using a single RF source. The
experiments took place in an indoor office environment using a
fast-switching 2.6 GHz prototype. The experiments constitute
to the best of the authors knowledge the first successful MIMO
transmission with a single RF source.
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 

Figure 2. Unifi ed illustration of different front-end circuit feeding architectures for antenna arrays.
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 

Figure 2. Unifi ed illustration of different front-end circuit feeding architectures for antenna arrays.
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
and then the states of the tunable elements are 
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
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in the baseband. In fact, the required anten-
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effective couplings, which in turn are attained 
by tuning the analog loads. The analog loads 
can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
arrays were recently proposed for single-RF 
MIMO transmission. The pioneering work in 
[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
stellations beyond PSK, the authors in [10] 
propose an active circuit design with fi eld effect 
transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
negative to positive values. As a clear step for-
ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 

the MIMO effect in the air by switching to dif-
ferent transmit radiation patterns in consecutive 
signaling periods. Since this technology strongly 
requires mutual coupling among adjacent ele-
ments, it is not appropriate for base stations 
with large inter-element distances.

THE LOAD-MODULATED ARRAY ARCHITECTURE
Inspired by load tuning as a means to con-
trol the array beam pattern, Fig. 2d illustrates 
a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
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effective couplings, which in turn are attained 
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ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
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the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
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view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
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with the real (i.e., resistive) part ranging from 
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ward, the design guidelines and specifi cations 
have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 
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signaling periods. Since this technology strongly 
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ments, it is not appropriate for base stations 
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a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
the processing, such as precoding, coding, map-
ping, and multi-carrier processing, can be done 
in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
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effective couplings, which in turn are attained 
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can be implemented using controllable elements 
such as varactor diodes, or transistors. Appar-
ently, this approach offers significant hardware 
savings, since the number of active RF chains is 
reduced to one, and the remaining RF chains are 
replaced by easy-to-implement tunable analog 
loads.

Thanks to the tunable analog loads and the 
consequent beam-shaping capability, parasitic 
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[8] proposes a smart analog switching tech-
nique in order to multiplex two symbols over 
the air, starting from the simple case of on-off 
keying (OOK) and continuing to low-order 
phase shift keying (PSK) modulation formats. 
This introductory work laid the foundation for 
further research on single-RF MIMO trans-
mission with parasitic arrays (a detailed over-
view can be found in [7]). A proof-of-concept 
experiment for PSK modulation was reported 
in [9], which validates the functionality of sin-
gle-RF MIMO transmitters. To support con-
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transistors (FETs), which implements a tun-
able complex loading for parasitic elements 
with the real (i.e., resistive) part ranging from 
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have been described that should be met in 
order to achieve an arbitrary space-time pre-
coding scheme [11]. The common baseline in 
all these works is to design appropriate antenna 
arrays and loading circuits in order to emulate 
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ments, it is not appropriate for base stations 
with large inter-element distances.
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a newly introduced approach, the main com-
petitive advantage of which is that it com-
pletely eliminates the need for any RF chain. 
As observed, all elements are connected to a 
common carrier signal source through passive 
and lossless two-port loading networks, each 
implemented with tunable reactance elements. 
There is a central power amplifi er that amplifi es 
the carrier signal, and there is no need for any 
mixer and DAC. The purpose of the tunable 
loads is to adjust the input currents to all radi-
ating elements, thereby implementing a desired 
signal constellation in the analog domain. This 
alternative solution is known as load-modu-
lated arrays (LMAs) [12, 13], reflecting their 
principle of operation. In LMAs, in contrast 
to the parasitic array architecture, all antenna 
elements are connected directly to a common 
amplifier, and couplings among the elements 
are not necessary. However, the case of com-
pact and to some extent coupled arrays should 
not be excluded. In load-modulated arrays, all 
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in the baseband. In fact, the required anten-
nas’ currents are calculated in the baseband, 
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I Same phase noise on all antenna elements.

The steerable loads operate at baseband frequency.

Implicit digital to analog conversion.

Digital control of antenna impedances.
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A Generic Problem of Load Modulation

Hard switching of loads =⇒ abrupt changes of wavefield =⇒ out-of-band radiation

Yousefbeiki & Perruisseau-Carrier 2014: Prototype with p-i-n diode switches.
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Fig. 4. Current distribution on the conductors of the antenna prototype; the
upper/lower p-i-n diodes are forward/reverse biased (on/off), respectively.

Then, the measured models were corrected for their insertion
in the simulation according to the method explained in detail in
[15].
For optimum operation of a beam-space MIMO system in

open-loop scenarios with rich scattering, balanced basis patterns
are desired [14]. In addition, the antenna should yield an accept-
able level of the total transmit efficiency (product of radiation
and matching efficiencies) at the single active port. Therefore,
the optimization criterion is to minimize the power imbalance
ratio between the basis patterns in the upload frequency band
while simultaneously achieving a return loss better than 10 dB
over both working frequency ranges. It is worth noting again
that since the p-i-n diodes are here directly utilized as the sole
lumped components for the pattern reconfigurability, the opti-
mization approach should be employed for the three-port ra-
diator itself rather than the variable loads. Accordingly, exten-
sive full-wave simulations on different radiator parameters were
performed. Then, the obtained S-parameters and radiated fields
were used to find the optimal radiator parameters.
Fig. 4 illustrates the surface current density on the antenna

conducting traces at the uplink and downlink center frequencies,
when the upper and lower p-i-n diodes are forward and reverse
biased, respectively. This is representative of the antenna op-
eration when transmitting any of the BPSK signal pairs and
since the radiator is symmetrical and according to Figs. 1

and 2(b) in all four possible combinations of BPSK signal pairs
one of the p-i-n diodes is on and the other is off. It can be ob-
served in Fig. 4 that the p-i-n diode in off state roughly acts as
an open circuit, thus the lower stub (part D in Fig. 4) has a negli-
gible effect on the antenna functionality. To illustrate the effect
of the arms and the stubs and understand the corresponding an-
tenna impedance behavior, we analyzed the antenna reflection
coefficient in three different configurations: the antenna struc-
ture without the upper arm and stub (parts B and C), the an-
tenna structure without the lower arm (part E), and the whole
antenna. As depicted in Fig. 5, in the absence of the upper arm
and the upper stub, the antenna shows a deep resonance in the
downlink frequency band. This is well in accordance with the
surface current density at 2.14 GHz shown in Fig. 4: the current
is distributed mostly on the lower arm and less on the upper stub
and arm. The results imply that the lower arm dimensions affect
the antenna second resonant frequency, however, the presence
of the upper arm and stub causes a slight decrease of the res-
onance level, as shown in Fig. 5. This figure also shows that

Fig. 5. Effects of the stubs and the arms on the antenna frequency-domain
impedance response.

Fig. 6. Antenna system prototype for beam-space multiplexing of two BPSK
signals, integrated to a hypothetical handheld device; (a) top view, (b) bottom
view.

the antenna structure without the lower arm yields a moderate
resonance at the uplink frequency. Then, when the lower arm
is included in the structure, this resonance is well tuned to the
upload center frequency and its level is improved. Therefore,
it can be inferred that the first resonance of the antenna struc-
ture is nearly determined by the dimensions of the upper stub
and arm as well as the impedance of the p-i-n diode in on state,
and adjusted by the lower arm. This is also in agreement with
the current distribution shown in Fig. 4. We finally recall here
that the above explanation is related to the antenna matching in
each of the two symmetrical antenna states actually used for the
beam-space MIMO operation. The fully-operational fabricated
built-in antenna system is shown in Fig. 6.
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TABLE I
RADIATION EFFICIENCY OF THE ANTENNA SYSTEM PROTOTYPE

Fig. 9. Simulated magnitude of the angular basis patterns of the antenna system
at 1.95 GHz in the plane of the platform. Note that the orthogonality between
patterns applies to the complex patterns over the full sphere and not to their
magnitudes.

Fig. 10. Normalized power of the instantaneous and basis patterns; : in-
stantaneous radiated power, : power associated with , and : power
associated with . Note that according to (1).

simultaneously transmitted over two orthogonal basis patterns
and then received using two uncorrelated and uncoupled an-
tenna elements in an open-loop MIMO operation. Fig. 11 shows
the capacity of the antenna system for transmit signal to noise ra-
tios (SNRs) of 10 dB and 20 dB versus the operating frequency.
The graph also depicts the capacity of an ideal 2 2 classical
MIMO system under identical assumptions. The excellent be-
havior of the designed antenna is confirmed, since the corre-
sponding capacity converges to that of the ideal 2 2 MIMO
system.

Fig. 11. Capacity under BPSK signaling for two transmit SNR values: 1 (pro-
posed antenna) 2 beam-space MIMO (solid lines) versus 2 (ideal antennas)
2 Conventional MIMO (dashed lines).

Fig. 12. Out-of-band radiation caused by abrupt switching of the p-i-n diodes
when two random BPSK data streams with a symbol rate of 500 Ksymbols/s
were being multiplexed by the antenna system. A root-raised cosine pulse
shaping filter with a roll-off factor of 0.5 was used on the RF path.

As stated earlier, the ratio of the second and the first data
streams determines the system state and consequently the
states of the p-i-n diodes. Under BPSK signaling, the ratio
remains constant during about 50% of the symbol transitions
(i.e. when and do not change or when both change at the
same time). In such instants, the states of the p-i-n diodes are not
altered and no pattern reconfigurability occurs. Therefore, there
is no issue related to the symbol transition in this case, since
obviously a pulse shaping filter can be included in the path of
the first data stream , i.e. the one directly fed to the single RF
chain.
However, during other symbol transitions (i.e. when only one

of the two symbols changes), the control signal switches the
states of the p-i-n diodes and the antenna instantaneous radiation
pattern is mirrored. In such symbol transitions, improper transi-
tion between the states of the p-i-n diodes may give rise to band-
width expansion of the transmitted signals. To provide some in-
sight about this out-of-band radiation phenomenon, the spec-
trum measurements in real propagation conditions were carried
out while the antenna system was multiplexing two random
BPSK data streams. As shown in Fig. 12, when the antenna
system works in a single state (i.e. the case where no p-i-n diode
switching occurs), a clean spectral mask is achieved thanks to

Possible countermeasure in the low GHz range:
Analog pulse shaping by surface acoustic wave (SAW) filters right at the antennas.
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Fig. 4. Current distribution on the conductors of the antenna prototype; the
upper/lower p-i-n diodes are forward/reverse biased (on/off), respectively.

Then, the measured models were corrected for their insertion
in the simulation according to the method explained in detail in
[15].
For optimum operation of a beam-space MIMO system in

open-loop scenarios with rich scattering, balanced basis patterns
are desired [14]. In addition, the antenna should yield an accept-
able level of the total transmit efficiency (product of radiation
and matching efficiencies) at the single active port. Therefore,
the optimization criterion is to minimize the power imbalance
ratio between the basis patterns in the upload frequency band
while simultaneously achieving a return loss better than 10 dB
over both working frequency ranges. It is worth noting again
that since the p-i-n diodes are here directly utilized as the sole
lumped components for the pattern reconfigurability, the opti-
mization approach should be employed for the three-port ra-
diator itself rather than the variable loads. Accordingly, exten-
sive full-wave simulations on different radiator parameters were
performed. Then, the obtained S-parameters and radiated fields
were used to find the optimal radiator parameters.
Fig. 4 illustrates the surface current density on the antenna

conducting traces at the uplink and downlink center frequencies,
when the upper and lower p-i-n diodes are forward and reverse
biased, respectively. This is representative of the antenna op-
eration when transmitting any of the BPSK signal pairs and
since the radiator is symmetrical and according to Figs. 1

and 2(b) in all four possible combinations of BPSK signal pairs
one of the p-i-n diodes is on and the other is off. It can be ob-
served in Fig. 4 that the p-i-n diode in off state roughly acts as
an open circuit, thus the lower stub (part D in Fig. 4) has a negli-
gible effect on the antenna functionality. To illustrate the effect
of the arms and the stubs and understand the corresponding an-
tenna impedance behavior, we analyzed the antenna reflection
coefficient in three different configurations: the antenna struc-
ture without the upper arm and stub (parts B and C), the an-
tenna structure without the lower arm (part E), and the whole
antenna. As depicted in Fig. 5, in the absence of the upper arm
and the upper stub, the antenna shows a deep resonance in the
downlink frequency band. This is well in accordance with the
surface current density at 2.14 GHz shown in Fig. 4: the current
is distributed mostly on the lower arm and less on the upper stub
and arm. The results imply that the lower arm dimensions affect
the antenna second resonant frequency, however, the presence
of the upper arm and stub causes a slight decrease of the res-
onance level, as shown in Fig. 5. This figure also shows that

Fig. 5. Effects of the stubs and the arms on the antenna frequency-domain
impedance response.

Fig. 6. Antenna system prototype for beam-space multiplexing of two BPSK
signals, integrated to a hypothetical handheld device; (a) top view, (b) bottom
view.

the antenna structure without the lower arm yields a moderate
resonance at the uplink frequency. Then, when the lower arm
is included in the structure, this resonance is well tuned to the
upload center frequency and its level is improved. Therefore,
it can be inferred that the first resonance of the antenna struc-
ture is nearly determined by the dimensions of the upper stub
and arm as well as the impedance of the p-i-n diode in on state,
and adjusted by the lower arm. This is also in agreement with
the current distribution shown in Fig. 4. We finally recall here
that the above explanation is related to the antenna matching in
each of the two symmetrical antenna states actually used for the
beam-space MIMO operation. The fully-operational fabricated
built-in antenna system is shown in Fig. 6.
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MIMO system under identical assumptions. The excellent be-
havior of the designed antenna is confirmed, since the corre-
sponding capacity converges to that of the ideal 2 2 MIMO
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As stated earlier, the ratio of the second and the first data
streams determines the system state and consequently the
states of the p-i-n diodes. Under BPSK signaling, the ratio
remains constant during about 50% of the symbol transitions
(i.e. when and do not change or when both change at the
same time). In such instants, the states of the p-i-n diodes are not
altered and no pattern reconfigurability occurs. Therefore, there
is no issue related to the symbol transition in this case, since
obviously a pulse shaping filter can be included in the path of
the first data stream , i.e. the one directly fed to the single RF
chain.
However, during other symbol transitions (i.e. when only one
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Fig. 4. Current distribution on the conductors of the antenna prototype; the
upper/lower p-i-n diodes are forward/reverse biased (on/off), respectively.

Then, the measured models were corrected for their insertion
in the simulation according to the method explained in detail in
[15].
For optimum operation of a beam-space MIMO system in

open-loop scenarios with rich scattering, balanced basis patterns
are desired [14]. In addition, the antenna should yield an accept-
able level of the total transmit efficiency (product of radiation
and matching efficiencies) at the single active port. Therefore,
the optimization criterion is to minimize the power imbalance
ratio between the basis patterns in the upload frequency band
while simultaneously achieving a return loss better than 10 dB
over both working frequency ranges. It is worth noting again
that since the p-i-n diodes are here directly utilized as the sole
lumped components for the pattern reconfigurability, the opti-
mization approach should be employed for the three-port ra-
diator itself rather than the variable loads. Accordingly, exten-
sive full-wave simulations on different radiator parameters were
performed. Then, the obtained S-parameters and radiated fields
were used to find the optimal radiator parameters.
Fig. 4 illustrates the surface current density on the antenna

conducting traces at the uplink and downlink center frequencies,
when the upper and lower p-i-n diodes are forward and reverse
biased, respectively. This is representative of the antenna op-
eration when transmitting any of the BPSK signal pairs and
since the radiator is symmetrical and according to Figs. 1

and 2(b) in all four possible combinations of BPSK signal pairs
one of the p-i-n diodes is on and the other is off. It can be ob-
served in Fig. 4 that the p-i-n diode in off state roughly acts as
an open circuit, thus the lower stub (part D in Fig. 4) has a negli-
gible effect on the antenna functionality. To illustrate the effect
of the arms and the stubs and understand the corresponding an-
tenna impedance behavior, we analyzed the antenna reflection
coefficient in three different configurations: the antenna struc-
ture without the upper arm and stub (parts B and C), the an-
tenna structure without the lower arm (part E), and the whole
antenna. As depicted in Fig. 5, in the absence of the upper arm
and the upper stub, the antenna shows a deep resonance in the
downlink frequency band. This is well in accordance with the
surface current density at 2.14 GHz shown in Fig. 4: the current
is distributed mostly on the lower arm and less on the upper stub
and arm. The results imply that the lower arm dimensions affect
the antenna second resonant frequency, however, the presence
of the upper arm and stub causes a slight decrease of the res-
onance level, as shown in Fig. 5. This figure also shows that

Fig. 5. Effects of the stubs and the arms on the antenna frequency-domain
impedance response.

Fig. 6. Antenna system prototype for beam-space multiplexing of two BPSK
signals, integrated to a hypothetical handheld device; (a) top view, (b) bottom
view.

the antenna structure without the lower arm yields a moderate
resonance at the uplink frequency. Then, when the lower arm
is included in the structure, this resonance is well tuned to the
upload center frequency and its level is improved. Therefore,
it can be inferred that the first resonance of the antenna struc-
ture is nearly determined by the dimensions of the upper stub
and arm as well as the impedance of the p-i-n diode in on state,
and adjusted by the lower arm. This is also in agreement with
the current distribution shown in Fig. 4. We finally recall here
that the above explanation is related to the antenna matching in
each of the two symmetrical antenna states actually used for the
beam-space MIMO operation. The fully-operational fabricated
built-in antenna system is shown in Fig. 6.
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TABLE I
RADIATION EFFICIENCY OF THE ANTENNA SYSTEM PROTOTYPE

Fig. 9. Simulated magnitude of the angular basis patterns of the antenna system
at 1.95 GHz in the plane of the platform. Note that the orthogonality between
patterns applies to the complex patterns over the full sphere and not to their
magnitudes.

Fig. 10. Normalized power of the instantaneous and basis patterns; : in-
stantaneous radiated power, : power associated with , and : power
associated with . Note that according to (1).

simultaneously transmitted over two orthogonal basis patterns
and then received using two uncorrelated and uncoupled an-
tenna elements in an open-loop MIMO operation. Fig. 11 shows
the capacity of the antenna system for transmit signal to noise ra-
tios (SNRs) of 10 dB and 20 dB versus the operating frequency.
The graph also depicts the capacity of an ideal 2 2 classical
MIMO system under identical assumptions. The excellent be-
havior of the designed antenna is confirmed, since the corre-
sponding capacity converges to that of the ideal 2 2 MIMO
system.

Fig. 11. Capacity under BPSK signaling for two transmit SNR values: 1 (pro-
posed antenna) 2 beam-space MIMO (solid lines) versus 2 (ideal antennas)
2 Conventional MIMO (dashed lines).

Fig. 12. Out-of-band radiation caused by abrupt switching of the p-i-n diodes
when two random BPSK data streams with a symbol rate of 500 Ksymbols/s
were being multiplexed by the antenna system. A root-raised cosine pulse
shaping filter with a roll-off factor of 0.5 was used on the RF path.

As stated earlier, the ratio of the second and the first data
streams determines the system state and consequently the
states of the p-i-n diodes. Under BPSK signaling, the ratio
remains constant during about 50% of the symbol transitions
(i.e. when and do not change or when both change at the
same time). In such instants, the states of the p-i-n diodes are not
altered and no pattern reconfigurability occurs. Therefore, there
is no issue related to the symbol transition in this case, since
obviously a pulse shaping filter can be included in the path of
the first data stream , i.e. the one directly fed to the single RF
chain.
However, during other symbol transitions (i.e. when only one

of the two symbols changes), the control signal switches the
states of the p-i-n diodes and the antenna instantaneous radiation
pattern is mirrored. In such symbol transitions, improper transi-
tion between the states of the p-i-n diodes may give rise to band-
width expansion of the transmitted signals. To provide some in-
sight about this out-of-band radiation phenomenon, the spec-
trum measurements in real propagation conditions were carried
out while the antenna system was multiplexing two random
BPSK data streams. As shown in Fig. 12, when the antenna
system works in a single state (i.e. the case where no p-i-n diode
switching occurs), a clean spectral mask is achieved thanks to

Possible countermeasure in the low GHz range:
Analog pulse shaping by surface acoustic wave (SAW) filters right at the antennas.
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Implementations

ESPAR Arrays

Electronically steerable passive array radiators (ESPARs) were originally proposed
for beam steering, not for spatial multiplexing.
If beam steering is performed on a symbol by symbol basis, though, the entropy
rate of the beam steering is large enough to create a significant multiplexing gain.
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Spatial Multiplexing with a Single Radio: Proof-of-Concept Experiments
in an Indoor Environment with a 2.6-GHz Prototype

Osama N. Alrabadi, Chamath Divarathne, Philippos Tragas, Antonis Kalis, Nicola Marchetti,
Constantinos B. Papadias, and Ramjee Prasad

Abstract—This letter validates a previously reported concept
regarding the capability of transmitting multiple signals using
one RF chain and a compact switched parasitic array (SPA). The
experiments were conducted in an indoor environment using a
2.6 GHz prototype made of a single active printed dipole coupled
to two passive ones. To the best of our knowledge, this is the first
over-the-air experiment of spatial multiplexing with a single RF
frontend yet to be demonstrated.

Index Terms—Spatial multiplexing, , SPA, basis functions.

I. INTRODUCTION

ANALOGUE SPATIAL MULTIPLEXING techniques us-
ing compact parasitic antennas with a single RF chain

have recently been reported [1-5]. The main idea of using an
SPA for emulating a MIMO terminal is to smartly encode
the signals onto the beampattern variations by parasitically
controlling the driving antenna. This is done by mapping the
independent datastreams onto a predefined basis that composes
the SPA far-field.

Background: In [1], the authors proposed the idea of map-
ping the signals onto a set of predefined cardioids in the
SPA far-field. By defining the spatial basis functions as ℬ1(!)
and ℬ2(!), the desired beampattern in the far-field becomes
"1ℬ1(!) + "2ℬ2(!), where "1 and "2 are the signals to be
spatially multiplexed. The reactive loads of the SPA were op-
timized for creating the (most accurate) linear combinations of
the basis functions, under BPSK signaling. The work has been
enhanced in [2] as an orthogonal spatial basis was obtained by
decomposing the Euler functions comprising the SPA far-field.
The approach in [2] maintains the SPA efficiency in case of
BPSK signaling and preserves the SPA loadings as a degree
of freedom to be optimized regarding a given criterion. The
criterion was chosen to be the outage rate in [3] and finally
the technique has been scaled to any PSK signaling dimension
in [4].

Current Contribution: The current letter validates the con-
cept of analogue MIMO transmission over the air in an
indoor office environment. The experiments took place in the
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Broadband Wireless and Sensor Networks (B-WiSE) lab of
Athens Information Technology. The target is to transmit two
BPSK datastreams over the air via a single RF source at
the transmit side as detailed later. The rest of the paper is
organized as follows: Section II describes the transmit and
receive subsystems. Section III describes the experiment setup
whereas Section IV highlights the experiment results. Finally
the paper concludes with its results.

II. TRANSMIT AND RECEIVE SUBSYSTEMS

The experiments were conducted using a 2.6 GHz SPA
prototype shown in Fig. 1, which has been fully modeled
and optimized in [5]. The SPA consists of three printed
dipoles (central active surrounded by two parasites) where the
planar topology makes it better fit for handheld terminals. The
dipoles’ spacing is 11mm and the dipoles’ lengths are 42mm.
The SPA is optimized for BPSK signaling [6], regarding the
average rate of communication at a target frequency of 2.6
GHz. The antenna system maintains a transmit efficiency
above 95% while switching its loading state (the loads are
switched using the Aeroflex Metelics MPN7310A-0805 PIN

1089-7798/11$25.00 c⃝ 2011 IEEE

The passive elements are inductively fed by
the active antenna.

Very small geometry possible.

Several working prototypes at AIT.

Limits the number of elements.

Mutual coupling drives complexity.

Ralf Müller (FAU & NTNU) Load Modulated MIMO 17-May-2016 12 / 23



Implementations

ESPAR Arrays

Electronically steerable passive array radiators (ESPARs) were originally proposed
for beam steering, not for spatial multiplexing.
If beam steering is performed on a symbol by symbol basis, though, the entropy
rate of the beam steering is large enough to create a significant multiplexing gain.

178 IEEE COMMUNICATIONS LETTERS, VOL. 15, NO. 2, FEBRUARY 2011

Spatial Multiplexing with a Single Radio: Proof-of-Concept Experiments
in an Indoor Environment with a 2.6-GHz Prototype

Osama N. Alrabadi, Chamath Divarathne, Philippos Tragas, Antonis Kalis, Nicola Marchetti,
Constantinos B. Papadias, and Ramjee Prasad

Abstract—This letter validates a previously reported concept
regarding the capability of transmitting multiple signals using
one RF chain and a compact switched parasitic array (SPA). The
experiments were conducted in an indoor environment using a
2.6 GHz prototype made of a single active printed dipole coupled
to two passive ones. To the best of our knowledge, this is the first
over-the-air experiment of spatial multiplexing with a single RF
frontend yet to be demonstrated.

Index Terms—Spatial multiplexing, , SPA, basis functions.

I. INTRODUCTION

ANALOGUE SPATIAL MULTIPLEXING techniques us-
ing compact parasitic antennas with a single RF chain

have recently been reported [1-5]. The main idea of using an
SPA for emulating a MIMO terminal is to smartly encode
the signals onto the beampattern variations by parasitically
controlling the driving antenna. This is done by mapping the
independent datastreams onto a predefined basis that composes
the SPA far-field.

Background: In [1], the authors proposed the idea of map-
ping the signals onto a set of predefined cardioids in the
SPA far-field. By defining the spatial basis functions as ℬ1(!)
and ℬ2(!), the desired beampattern in the far-field becomes
"1ℬ1(!) + "2ℬ2(!), where "1 and "2 are the signals to be
spatially multiplexed. The reactive loads of the SPA were op-
timized for creating the (most accurate) linear combinations of
the basis functions, under BPSK signaling. The work has been
enhanced in [2] as an orthogonal spatial basis was obtained by
decomposing the Euler functions comprising the SPA far-field.
The approach in [2] maintains the SPA efficiency in case of
BPSK signaling and preserves the SPA loadings as a degree
of freedom to be optimized regarding a given criterion. The
criterion was chosen to be the outage rate in [3] and finally
the technique has been scaled to any PSK signaling dimension
in [4].

Current Contribution: The current letter validates the con-
cept of analogue MIMO transmission over the air in an
indoor office environment. The experiments took place in the

Manuscript received November 3, 2010. The associate editor coordinating
the review of this letter and approving it for publication was K. K. Wong.

O. N. Alrabadi is with the Broadband Wireless and Sensor Networks Group
(BWiSE), Athens Information Technology (AIT), GR-19002, Athens, Greece,
and with the Center for TeleInFrastructure (CTiF), Aalborg University (AAU),
9220, Aalborg East, Denmark (e-mail: osal@ait.edu.gr, ona@es.aau.dk).

C. Divarathne, P. Tragas, A. Kalis, and C. B. Papadias are with the Broad-
band Wireless and Sensor Networks Group (BWiSE), Athens Information
Technology (AIT), GR-19002, Athens, Greece (e-mail: {cdiv, ptra, akal,
papadias}@ait.edu.gr).

N. Marchetti and R. Prasad are with the Center for TeleInFrastructure
(CTiF), Aalborg University (AAU), 9220, Aalborg East, Denmark (e-mail:
{nm, prasad}@es.aau.dk).

Digital Object Identifier 10.1109/LCOMM.2011.121310.102119

DC Cable

Fig. 1. SPA of printed microstrip dipoles.

IP Engine

DSP Mainboard

IO Board Power Unit

GPS UnitRF FiltersRF Modules

Fig. 2. Transmit subsystem unit.

Broadband Wireless and Sensor Networks (B-WiSE) lab of
Athens Information Technology. The target is to transmit two
BPSK datastreams over the air via a single RF source at
the transmit side as detailed later. The rest of the paper is
organized as follows: Section II describes the transmit and
receive subsystems. Section III describes the experiment setup
whereas Section IV highlights the experiment results. Finally
the paper concludes with its results.

II. TRANSMIT AND RECEIVE SUBSYSTEMS

The experiments were conducted using a 2.6 GHz SPA
prototype shown in Fig. 1, which has been fully modeled
and optimized in [5]. The SPA consists of three printed
dipoles (central active surrounded by two parasites) where the
planar topology makes it better fit for handheld terminals. The
dipoles’ spacing is 11mm and the dipoles’ lengths are 42mm.
The SPA is optimized for BPSK signaling [6], regarding the
average rate of communication at a target frequency of 2.6
GHz. The antenna system maintains a transmit efficiency
above 95% while switching its loading state (the loads are
switched using the Aeroflex Metelics MPN7310A-0805 PIN

1089-7798/11$25.00 c⃝ 2011 IEEE

The passive elements are inductively fed by
the active antenna.

Very small geometry possible.

Several working prototypes at AIT.

Limits the number of elements.

Mutual coupling drives complexity.

Ralf Müller (FAU & NTNU) Load Modulated MIMO 17-May-2016 12 / 23



Implementations

Galvanic Load Modulation

In 2014, Sedaghat et al. proposed to galvanically feed the load modulators.
All elements are fed by a high power unmodulated sine carrier.

IEEE Communications Magazine • March 201650

ring to the discussion above, this definitely indi-
cates that there is no need for high linearity and 
the use of low-efficient class A/B power amplifi-
ers. Instead, a single and highly efficient class F 
power amplifier for constant envelop signals can 
be used that offers significantly higher efficiency 
of around 80 percent due to its switching mode 
of operation [14]. Note that the loss in the resis-
tance connected to the circulator should be 
taken into account in the total power efficiency 
calculation [12].

Good Matching Conditions Are Achieved: As 
opposed to conventional MIMO transmitters 
that are equipped with fixed RF front-end mod-
ules and externally varying voltages, Fig. 3 shows 
that load-modulated arrays are driven by a fixed 
carrier signal source. Furthermore, the signals on 
antennas are controlled by tuning the impedance 
characteristics of the loading networks. Thus, the 
input impedance, as seen from the analog source’s 
side, varies with time as a function of the desired 
currents in consecutive signaling periods. Thank-
fully, as the number of elements grows and the 
massive regime is reached, the load modulation 
tends to be insensitive to mismatch effects. This 
is illustrated in Fig. 4b, which shows the probabil-
ity density function (pdf) of the voltage standing 
wave ratio (VSWR) vs. the number of antenna 
elements. It is observed that 

VSWRlim 1
N

=
→∞

with probability 1, which implies that as the num-
ber of elements grows, the VSWR converges to 
1, and the power amplifier is well matched to the 
antennas.

Low Signal Distortion: In conventional MIMO 
systems (multi-RF arrays), the input signals 
are clipped independently, since every antenna 
is connected to an individual power amplifier. 
On the contrary, in load-modulated arrays the 
input signals are clipped only if the sum power 
becomes higher than the maximum power of 
the sole amplifier. The authors in [12] analyze 
two clipping strategies: clipping with respect to 

the minimum mean squared error (MMSE) and 
equal clipping of all signals. The first approach 
minimizes the total current distortion, and the 
second approach clips all signals equally in order 
to satisfy the power constraint of the sole power 
amplifier. Clearly, the clipping effect introduc-
es a signal distortion that thankfully weakens as 
the number of antennas grows. In fact, clipping 
in single-RF MIMO transmitters is less harmful 
than in conventional MIMO transmitters. Indic-
atively, Fig. 4c draws the distortion vs. the num-
ber of antennas for fixed values of total power 
efficiency. It is observed that the two clipping 
strategies exhibit almost the same behavior, and 
the distortion becomes negligible as the number 
of antenna elements becomes large.

IMPLEMENTATION ASPECTS OF THE LOAD MODULATORS
Tunable loads can be implemented in two ways:
• Soft tuning of some tunable capacitors 

implemented by varactors or transistors
• Discrete tuning using some RF switch-

es implemented by PIN diodes, Schotkky 
diodes, or micro-electro-mechanical systems 
(MEMS)
The first scheme suffers from the nonlinear-

ity of the tunable devices. On the other hand, 
the second scheme omits the nonlinearity by 
using hard switching. Discrete tuning is much 
easier to handle since there is no nonlinear 
component in the circuit and, except in the 
short switching time interval, the circuit is lin-
ear. Switching on the order of nanoseconds can 
be done using fast PIN or Schottky diodes [15]. 
Switching in the discrete tuning case is done by 
changing the bias voltage of diodes. This can be 
done by a simple level shifter circuit, and there 
is no need for a DAC.

The load modulators can be implemented by 
a combination of “T” or “F” two-port network 
topologies [12]. As an extension to this approach, 
a six-port analog modulator has been demon-
strated in [15] that uses Schottky diodes and 
achieves high switching speed, enhancing the 
achievable data rate, for example, up to 1.2 Gb/s 
as reported in [15]. 

Although the exact computation of the load 
values that result in a desired signaling format is 
known (e.g., [11, 12]), a possible deviation from 
those desired values cannot be excluded in the 
real world. Reasons for that could be some addi-
tional parasitic effects due to the high frequen-
cy of operation, or any practical non-idealities 
caused by the analog elements (e.g., varactor 
diodes). Inevitably, any loading deviation would 
affect the output signals and in turn would 
degrade the performance to some extent. How-
ever, the robustness of the proposed architec-
tures has been evaluated and drawn, showing 
that the proposed architecture performs satisfac-
torily [10–12].

CHALLENGES AND ISSUES
Utilizing load modulators in MIMO transmit-
ters leads to some challenges and issues. The 
first challenge is about the trade-off between 
the number of switches and the loss in each 
load modulator. The higher the number of 
switches, the lower the output signal distor-
tion. On the other hand, every switch adds an 

Figure 3. Load-modulated arrays for low-cost massive MIMO design with low 
hardware complexity and high efficiency. 
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Reflect Arrays

In 2013/14, Khandani proposed the use of reflect arrays to implement load
modulation.
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How to Change the Channel State? 

6 

14 RF Mirrors Î  214  channel states Î Modulate 14 bits 
from http://www.cst.uwaterloo.ca/content/Media-based-ISIT2014.pdf

Similar to ESPAR without modu-
lated active antenna.

Allows for large number of passive
elements.

Class F amplifiers will work.

Tradeoff between power efficiency
& mutual coupling.
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Receivers

Classical Antenna Arrays

Load modulation is just an alternative way to create an electromagnetic wave field
on air in order to save space, cost, power, or complexity.

The best receivers to demodulate signals from load modulated transmitters are
classical antenna arrays.

Depending on the implementation of the load modulated array, some modulation
formats, e.g. OFDM, can be difficult or impossible to implement (OFDM requires
two-port networks).
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Receivers

Virtually Rotating Arrays

Load modulators can be used to built vir-
tually rotating arrays as proposed by RM,
Bains & Aas in 2005. These can be used as
receive arrays with a single active element.

Virtually rotating arrays are just an alter-
native way to sample an electromagnetic
wave field on air into discrete time in order
to save space, cost, power, or complexity.
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Virtually rotating arrays may suffer from adjacent channel interference (ACI).

ACI can be shielded by means of SAW notch filters or digitally mitigated in some
cases (Zaidel & RM, 2015)
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Signal Design

Particular Signal Design for Load Modulated MIMO

ESPARs are based on mutual coupling. They required pre-coding against the
mutual coupling. This is a non-trivial task, but possible, e.g. Alrabadi et al. 2009.

Galvanic load modulation and reflect arrays are matched by the law of large
numbers for massive arrays. For moderate number of elements, matching can be
improved by multi-dimensional modulation placing the signal points on an
hypersphere, e.g. Sedaghat et al. 2016.
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Signal Design

Phase Modulation on the Hypersphere

Spherical k-means algorithm

better distance

EQ sphere partition algorithm

lower complexity

For only 8 antennas, PAPR below 0.5 dB after pulse shaping.
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