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Abstract—The performance of the modulated scattering antenna
array (MSAA) for mobile terminals is investigated in this paper.
The electromagnetic scattering of the modulated scattering ele-
ments (MSEs) loaded with Schottky diode is analyzed by using
the Volterra series method in conjunction with the method of mo-
ments, which rigorously includes the mutual couplings among the
MSAA elements. By virtue of closed-form analytical expression of
Volterra analysis, useful physical insights and guidelines are pro-
vided to find optimum parameters of the MSEs in order to improve
the performance of the MSAA for wireless communications. Para-
metrical studies are carried out for the purpose of enhancing the
scattered power level of the second-order intermodulation caused
by the nonlinear load in the MSEs. Both numerical simulations and
experiments validate the proposed theoretical analysis.

Index Terms—Modulated scattering antenna array (MSAA),
modulated scattering element (MSE), nonlinear circuits, method
of moments (MoM), Volterra series.

I. INTRODUCTION

T HE MODULATED scattering technique was firstly pre-
sented by Richmond to improve the accuracy of measure-

ment of electric fields [1]. Recently, based on this technique,
Yuan et al. proposed a new concept, called the modulated scat-
tering antenna array (MSAA), and utilized it as a receiving an-
tenna array for the mobile terminals in the multiple-input mul-
tiple-output (MIMO) communication systems [2]. In this con-
figuration of the MSAA, only one branch of front-end circuits
is needed in the normal receiving antenna, and other output sig-
nals required in the MIMO channel are realized by using the
scattered fields of the second-order mixing product from the
modulated scattering elements (MSEs) loaded with nonlinear
devices. Therefore, the MSAA is particularly useful for mo-
bile handsets in which compactness of the receiving antennas
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is of primary importance because the MSAA saves the complex
front-end circuits for most receiving antenna elements, although
it provides slightly inferior performance compared to the com-
monly used antenna array in MIMO systems [2]–[4]. The per-
formance degradation of the MSAA is mainly due to the low
power level of the modulated scattering field received by the
normal receiving antenna to which the front-end circuit is con-
nected [2]. Therefore, how to improve the modulated scattering
power level from MSEs is extremely important for the applica-
tions of the MSAA to MIMO system and is the major focus of
this paper.

In the authors’ previous work [2]–[4], the performance of the
MSAA in the wireless communication systems has been exten-
sively studied through experiments in terms of the spatial diver-
sity, the channel capacity, and the error vector magnitude (EVM)
in Rayleigh fading environments. However, a theoretical anal-
ysis method has not been provided yet to systematically inves-
tigate and further improve the performance of a MSAA system.
In this paper, a rigorous and accurate analysis of the MSAA is
presented based on the Volterra-series method and the method
of moments (MoM), which aims at optimizing the parameters
of the MSAA and further improving its performance.

This paper is organized as follows. In Section II, the basic
configuration and features of the MSAA are introduced, and
the theoretical analysis of a two-element MSAA with diode
loads based on the Volterra-series method and MoM are pre-
sented. InSection III, both numerical and experimental paramet-
rical studies are carried out, and several effective means to in-
crease the scattered power level of the second-order intermodu-
lation from MSEs are discussed in detail.

II. MSAA CONFIGURATION AND ANALYSIS METHOD

A. Configuration of the MSAA

Fig. 1 shows the configuration of a typical MSAA loaded with
diodes. The MSAA consists of two types of elements: one is a
normal receiving antenna and the others are MSEs. Only one
branch of the RF receiver is connected to the normal antenna
element, while the MSEs do not have their own receiving cir-
cuits. The MSEs can be seen as antennas or scatterers that are
loaded with the nonlinear devices and are fed by local signals
with low-frequency .

When the incident signal with the frequency impinges
the MSAA, the scattered fields with new mixing frequencies
will be produced due to the nonlinear loads connected to the
MSEs and will be received by the normal receiving antenna that
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Fig. 1. Configuration of the MSAA loaded with diodes.

is connected to the RF receiver. Thus, the received signals at the
normal receiving antenna have an infinite number of frequencies

( and )
since the local signal frequency for each MSE may be distinct.
These received signals can be used for adaptive combination in
the RF receiver by tuning the corresponding weight for each
receiving signal.

In the MSAA, the normal receiving antenna and the MSEs
can be of any type, their relative positions are arbitrary, and the
nonlinear devices can also be selected with great freedom. In
particular applications, all these parameters could be adjusted to
optimize the performance of the MSAA. Therefore, the MSAA
may be a very flexible and attractive candidate as the receiving
antenna array in MIMO systems [4]. More important, only one
branch of the RF receiver is needed in the MSAA. This feature
makes the MSAA be very appealing when it is used for the mo-
bile terminals in MIMO systems where compactness and energy
saving are of primary concerns.

B. Analysis Method Based on Volterra Series and MoM

In [2]–[4], extensive experiments have been conducted to
study the applicability of the MSAA for mobile handsets, where
the second-order intermodulation scattering field was used as
the modulated signal. It was found that the performance of the
MSAA was slightly inferior to that of the normal receiving
array antenna whose elements are all half-wavelength dipoles
without any nonlinear device. The main reason is that the
power level of the modulated scattering from MSEs with the
frequency is much lower than that of the signal with the
frequency appearing at the normal receiving antenna due
to direct incidence. Such power level imbalance apparently
degrades the performance of the MSAA [2].

In this section, for the first time, we will investigate the per-
formance of a two-element MSAA from the theoretical point
of view. Although the analysis procedure is demonstrated for
the two-element array case for brevity, it can be easily extended

Fig. 2. Structure of a two-element MSAA loaded with a Schottky diode.

Fig. 3. Equivalent circuit of the MSE under incident electromagnetic (EM)
wave.

to an MSAA of an arbitrary number of elements in a straight-
forward manner. The structure of a two-element MSAA loaded
with Schottky diode is shown Fig. 2. and are the dc
bias and the local signal voltages, while and are the in-
ternal resistors of the corresponding signal generators, respec-
tively. and are the RF choke inductance and dc block capac-
itance, respectively. The MSAA resides at the yoz-plane under
the plane-wave incidence with frequency , and the distance
between two array elements is .

The equivalent circuit for the MSE is shown in Fig. 3 by using
the similar procedures in [5]–[7]. is the short-circuited cur-
rent at the port of the MSE at , and is the input admit-
tance of the MSE without loading. Both and are calcu-
lated in the presence of the normal receiving antenna, therefore
the effect of mutual coupling between the MSE and the normal
antenna element is included. According to Kirchhoff’s current
law (KCL), following equations are established:

(1)

where

(2)

and is the – characteristics of the nonlinear device. For a
typical Schottky diode [8],

(3)
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is the reverse saturation current and and depends
on the structure of the diode. Replacing (2) into (1), we obtain

(4)

Further, the time-domain voltage and current can be decom-
posed into the dc part and the dynamic part due to the ex-
istence of dc block capacitance and RF choke inductance. These
are expressed as

(5)

where and are dc and time-varying parts of , re-
spectively. Thus, (3) becomes

(6)

Let

(7)

and

(8)

Equation (6) then becomes

(9)

Therefore, (4) can be rewritten as follows.
For the dc part,

(10)

and for the dynamic part,

(11)

where . In (10) and (11), the current and voltage
involving and are neglected since their contributions are
much smaller compared to other terms. Therefore, the equiva-
lent circuit of the MSE can also be decoupled into two sub-cir-
cuits: one is the dc-bias circuit and the other one is the time-
varying circuit, as shown in Fig. 4. It is noted that we have used
the first three terms in the Taylor-series expansion of in (6).

Fig. 4. DC bias and dynamic sub-circuits of the MSE under the incident EM
wave. (a) DC-bias sub-circuit. (b) Dynamic sub-circuit.

Hence, our analysis is based on the small-signal approximation,
but it is accurate enough for modeling MSAA application in the
wireless communication system.

For the analysis of the nonlinear circuit in Fig. 4, there exists
a variety of approaches [5]–[7], [9]. The Volterra-series method
is employed in this paper due to its closed-form formulation
for the final output that could provide clear physical insights
of the performance of MSAA, although other purely numer-
ical approaches could produce more accurate results if strong
nonlinearities are considered [6], [7]. Another advantage of this
choice is that Volterra analysis can be implemented entirely in
the frequency domain without the use of the fast Fourier trans-
form (FFT) [5], [9].

Fig. 4(b) is a two-tone excited nonlinear circuit. The short-
circuited current and the voltage of the local signal are
written in the frequency domain as follows:

(12)

and

(13)

where and and are the phasor
representations of and , respectively. In (13), the initial
phase of is assumed to be zero.

Substituting (12) and (13) in (11), we obtain

(14)
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Let

(15)

where the superscript “*” denotes the complex conjugate. The
excitation signal on the right-hand side of (14) becomes

(16)

According to Volterra analysis [9], [5], the output voltage
in Fig. 4(b) can be expressed by a series whose term is

the product of the frequency-domain excitation signals and the
transfer functions for the nonlinear circuit

(17)

where and and are the first- and
second-order transfer functions, respectively. In (17), the nega-
tive frequencies are defined as

(18)

It is noted that only up to second-order responses have been
considered in (17) because the modulated scattering signal used
in the MSAA is the second-order mixing product with the fre-
quency caused by the nonlinear diode [2]–[4].
This means that MSAA only utilizes the weak nonlinearities
of the nonlinear device. The contributions from the higher
order nonlinearities to the output at the frequency can also
be included in the analysis, at the expense of computation
complexity, but their effects are much smaller compared to the
second-order intermodulation. Therefore, (17) could depict the
second-order modulated signal without appreciable accuracy
limitation in the small-signal wireless communication scenario.

The transfer functions are found by exciting the circuit in
Fig. 4(b) at two frequencies, and , and calculating the
output voltages at the frequencies and . The final
results of the first- and second-order transfer functions are

(19a)

and

(19b)

where is the linear admittance of the shunt circuit shown
in Fig. 4(b)

(20)

In the derivation of (19a) and (19b), following relations of the
transfer functions have been used:

(21)

Finally, the frequency-domain output voltages of the circuit
Fig. 4(b) at and are

(22)

and

(23)

In summary, the analysis procedures of the Schottky diode
loaded two-element MSAA are organized as follows.
Step 1) Solve the nonlinear equation (10) to obtain the

dc-bias voltage at the terminal of diode.
Step 2) According to (3) and (7), obtain the coefficients

and .
Step 3) At the frequency , calculate the input admittance

of the MSE in the presence of the normal
receiving antenna using the MoM [10], and then
compute the shunt admittance of the circuit
Fig. 4(b) using (20).

Step 4) Compute at using the method similar to
that in Step 3).

Step 5) Compute at by using the same
method as in Step 3).

Step 6) Calculate the short-circuited current of the MSE
without loading at in the presence of the normal
receiving antenna by using the MoM. Then obtain
the excitation phasors ac-
cording to (15).

Step 7) Calculate the output voltages and
at the terminal of the MSE by using (22) and (23).

Step 8) Finally, calculate the received power by the
normal receiving antenna as the summation of the
direct incidence and the scattering from the MSE
caused by at the frequency , and the re-
ceived power at from MSE due to the
reradiation of .

In fact, the radiation produced by and from
the MSE will be reflected by the normal receiving antenna again,
and these reflected waves will excite new mixing products with
infinite frequencies including and . The multiple re-
flections between the elements in the MSAA will proceed until
the ultimate equilibrium is reached. However, the contributions
from these multireflection effects to the final received power
levels at and are higher order quantities compared
to the first-order reradiation of and from the
MSE as calculated in the above procedures. Therefore, they are
neglected in Step 8) for efficient and fast computation without
much loss of accuracy.

C. Discussion

As been pointed out before, the performance of the MSAA
can be improved by enhancing the received power of the
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modulated scattering signal. Thus, it is important and interesting
to exploit the approaches to increase . According to the anal-
ysis presented in Section II-B, this power level is determined by

. Replace (19b) and (20) into (23), can
be rewritten as

(24)

From (24), the following means could be adopted in order to
increase the level of for the fixed internal admittance of
the local signal generator.

• Optimize the coefficients and by tuning the dc-bias
voltage to increase level, which means that the
circuit should work at an appropriate driving point of the
diode.

• Adjust the short-circuited current of the MSE at and
the input admittance of the MSE without loading at

and in the presence of the normal antenna,
which can be realized through the following.
• Modifying the shape of the MSE for given types of the

MSE and the normal receiving antenna (e.g., we can
change the length of MSE if it is a metallic thin-wire
scatterer).

• Loading the diode at different positions in the MSE.
• Choosing a suitable frequency of the local signal that

can reradiate the second-order modulated signal at
more effectively.

• Increasing the magnitude of the local signal since
is linearly proportional to . However, the effect will

be limited to the small-signal regime because the saturation
will occur if it is too large.

By virtue of the simple expression of (24) resulting from
Volterra analysis, the above guidelines give us some useful
physical insights to optimize the behavior of the MSAA.
However, any parameter in (24) is not independent of others.
Therefore, we will investigate the feasibility of the proposed
theoretical analysis in Section III through numerical simula-
tions and experimental validations.

III. PARAMETRICAL STUDIES

In this section, we will carry out the numerical parametrical
study to maximize the receiving power in the MSAA by
using an in-house MoM code [11] combined with Volterra anal-
ysis, as presented in Section II firstly, and then experiments
are conducted to validate the numerical simulations. The ge-
ometry of the two-element MSAA is shown in Fig. 5, where
the normal receiving antenna is a half-wavelength dipole at fre-
quency , while the MSE is chosen as a thin-wire scatterer
loaded with a Schottky diode and relevant circuits. The length of
the MSE is and the loading position measured from the center
of the thin wire is . The entire structure is within the yoz-plane,
and the distance between two elements is with the coordinate
origin being the midpoint. A vertically polarized plane wave

Fig. 5. Geometry of the two-element MSAA with a half-wavelength dipole
receiving antenna and a thin-wire-like MSE loaded with a Schottky diode.

Fig. 6. Measured and calculated received power � and � with various
diode parameters under different dc-bias voltages.

TABLE I
PARAMETERS OF DIODE A AND B

with the frequency is as-
sumed as the excitation signal of the MSAA, where is the
angle of the propagation vector with respect to the -direction.
The configuration of nonlinear circuit connected to the MSE is
shown in Fig. 2. In the simulations, we set the internal resistors

and of the signal generators and the input impedance
of the RF receiver to be 50 , and both the dipole antenna and
MSE having the length-diameter ratio of 74.2.

A. Effect of the Driving Point of the DC-Bias Circuit

First, we investigate the effect of the different driving point of
the dc-bias circuit on the received power level at and .
Fig. 6 shows the calculated and with two different typ-
ical diodes versus various bias voltages under the front incident

plane wave. The parameters of diode A and B are
listed in Table I and other parameters used in the simulation
are shown in Fig. 6, where is the magnitude of local signal
voltage and is the wavelength in free space at .

It is found that the scattered signal levels rise rapidly with the
increasing , and then fall at a slower speed after reaching its
maximum. remains almost constant with different diode
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TABLE II
MAXIMUM � AND THE CORRESPONDING BIAS VOLTAGE AND CONSUMED

POWER OF DC CIRCUIT FOR VARIOUS DIODE TYPES AND ELEMENT DISTANCE

POWER UNIT: DBM, VOLTAGE UNIT: V, DISTANCE UNIT: �

Fig. 7. Experiment setup in the anechoic chamber.

parameters and bias voltages, which means that is domi-
nated by direct incidence and the contribution of the reradiation
from the MSE is small. Moreover, maximum occurs at a
lower bias voltage (about 0.15 V) when the diode is of type A,
which has steeper – characteristics (larger ) compared to
diode B. For other incidence direction and element distance

, a similar phenomenon is also observed. Therefore, a Schottky
diode with a larger saturation current is preferred in the MSAA
for the purpose of power saving if other parameters of the diode
remain fixed. Table II shows the consumed power of the dc-bias
circuit at the point where the maximum occurs by using two
different types of the diodes and various element distances. It is
clear that the consumed power of the dc-bias circuit with
diode A is much less than that with diode B and the maximum
received are almost same in both cases.

To validate the numerical results, an experiment is carried out
in the anechoic chamber. In the experimental setup, as shown
in Fig. 7, a log-periodic dipole array (LPDA) (electro-Metrics
EM6952) is used as the transmitting antenna and is 3.0 m away
from the MSAA. At the transmitting frequency 2.5 GHz, this
distance is large enough to guarantee that the MSAA is in the far
field of the LPDA and that the radiating wave is nearly a local
vertically polarized plane wave when it impinges the MSAA.
The LPDA is fed by an Agilent E4438C ESG vector signal
generator and the input power is set to be 5 dBm. At the re-
ceiving end, the MSE is a half-wavelength (at 2.5 GHz) thin-
wire conductor loaded with a Schottky diode HSC276 from Re-
nesas Ltd., and a two-channel multifunction synthesizer (NF
WF 1966) is connected to the MSE as the local signal generator
with the frequency of 50 MHz. While the normal receiving an-
tenna is a half-wavelength dipole, followed by a real-time spec-
trum analyzer (Tektronix RSA3308A) that is used to measure

Fig. 8. Simulated received power � and � by using various local signal
frequencies.

the received power levels at (2.45 GHz) and
at (2.5 GHz).

It is worth mentioning that, in the numerical simulations,
the calculated received power at are firstly adjusted to
match the first measured power level from the spectrum analyzer
(when the bias voltage is 0.1 V in Fig. 6) by simply tuning the
magnitude of the incident plane wave to 0.09 V/m in the code
since we do not know the exact power density of the incident
wave at the MSAA. This value of is then used throughout
the following numerical simulations. The above tuning process
of can be considered as a numerical calibration. The param-
eters and , which characterize the Schottky diode, are not
measured in the experiment and two typical values [8] for the
Schottky diode type A and B (see Table I) are used in all numer-
ical simulations. It is found that the measured result presented in
Fig. 6 shows reasonable agreement with the calculated one for
the MSAA loaded with diode A, the relative error of the max-
imum is less than 3%, which means the characteristics of
the diode HSC276 is close to the typical Schottky diode with
the parameters A and mV. The measured
bias voltage for maximum is around 0.15 V, which matches
well to the numerical prediction (for diode A).

B. Effect of Local Signal Frequency

Fig. 8 shows the numerical results of the received power level
at and by tuning the local signal frequency for
the MSE from 10 to 400 MHz under the front incident plane
wave with vertical polarization. It is seen that the local signal
frequency has a minor effect on and remains almost
constant. However, the received power increases slowly
when is changed from 10 to 150 MHz, and decreases
rapidly when is beyond 150 MHz. The maximum
occurs when is 150 MHz. At this frequency, the length of
the thin-wire MSE is about 0.47 wavelengths at , which
exhibits the strongest reradiation ability of the second-order
mixing signal from the diode. A similar phenomenon is also
observed when the distance and incident angle are changed
to other values.
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Fig. 9. Simulated received power � and � with different thin-wire MSE
lengths.

C. Effect of the Length of Thin-Wire MSE

The effects of the thin-wire MSE length on the received power
level are investigated by numerical simulations. An apparent
resonance is found in Fig. 9 when the length of the MSE is about
0.5 wavelengths at , which means strong mutual coupling oc-
curs between the elements of MSAA at this length. It is also no-
ticed that the level of is very low if the length of the MSE is
much shorter than a half-wavelength. A second resonance will
also happen if we increase to about 1.5 , but the MSE of
such a length is of little useful applications in the mobile ter-
minals when compactness is considered in the communication
system design.

D. Effect of Loading Position in the MSE

It is well known that the loading position of the linear or non-
linear device on antenna plays an important role in determining
the radiation and scattering properties of the loaded antenna
structure. The effect of the loading position of the Schottky
diode along the MSE on the received power levels in MSAA
system is demonstrated in Fig. 10. For three different element
distances, the received power at is reduced mono-
tonically when the loading point approaches to the end of the
thin-wire MSE, while is only changed slightly. Clearly, the
center-loaded MSE should be chosen in the MSAA in order to
produce maximum .

E. Effect of the Magnitude of the Local Signal in MSE

As been pointed out in Section II, is linearly pro-
portional to the local signal voltage in the small-signal sce-
nario. Fig. 11 shows the relation between the received power
level and the magnitude of the local signal voltage through both
experiments and numerical simulations. It can be seen from
Fig. 11 that the numerical results agree well with the measured
ones and the maximum error is less than 1.5 dB (the relative
error is less than 2.5%) in the small-signal regime (

V). Within this voltage range, is increased by about
6 dB when is doubled, and remains almost unchanged
since it is dominated by direct incidence. When exceeds
0.25 V, the measured remains almost constant due to the
saturation of the diode. However, the simulated based on

Fig. 10. Simulated received power � and � when the diode is loaded at
different positions along the thin-wire MSE.

Fig. 11. Measured and simulated received power � and � versus various
local signal voltage of the MSE.

the present theoretical analysis will increase continuously be-
cause of the limitation of Volterra analysis for strong nonlinear-
ities prediction [9].

F. Effect of the Distance Between the MSAA Elements

The measured and simulated received power levels of the
MSAA at versus various distances between the ele-
ments, under the vertically polarized incident plane wave from
front direction, are shown in Fig. 12. Reasonable agreement of
two types of results is observed, and the largest error is less than
2 dB (the relative error is less than 3.4%). decreases rapidly
and then changes only slightly when is of intermediate value

, indicating complicated interaction be-
tween two elements of the MSAA in this distance range, and
decreases monotonically again with a large element distance
where the mutual coupling becomes weak. Furthermore, Fig. 13
shows the relation of the received power level and the element
distance when the plane wave impinges the MSAA from dif-
ferent directions. It is noticed that and curves have
quite different shapes when changes, which means the per-
formance of the MSAA is a strong function of the incident angle.
More interestingly, exceeds if is small and the plane
wave illuminates the MSAA from the MSE side .
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Fig. 12. Measured and calculated received power � and � versus various
distances between MSAA elements.

Fig. 13. Simulated received power � and � versus distances between
MSAA elements under various incident angles.

In such a case, the MSE blocks the incident wave and subse-
quently reduces the power received by the normal receiving an-
tenna due to direct incidence. Therefore, the distance between
the MSE and the normal receiving antenna can be adjusted ac-
cording to the relative power requirement of two signals in the
MSAA system.

G. Discussion of Uncertainties

As seen from the above theoretical and experimental results,
there are small discrepancies between the measured controls
and simulated results. We consider that these uncertainties are
mainly due to the following factors.

1) Since we cannot find a way to obtain the exact reverse sat-
uration current , the exact value of , and the true –
relation of the diode used in the experiment, the parameters

and used in numerical simulations are derived using
typical values of and and ideal – characteristics
of Schottky diodes. The inaccuracy between the estimated
and exact diode parameters is one of the main reasons for
the discrepancy between the calculated results and mea-
sured ones.

2) The incident wave to the MSAA is not a perfect plane wave
in the experiment, while in numerical simulations, the in-
cident wave is an ideal plane wave. This inconsistence will
also cause some errors between two kinds of results.

3) In the experiment, the nonideal free-space environments
(cables, supporting foam for the MSAA, etc.) may affect
the measured results to some extent.

IV. CONCLUSION

In this paper, an accurate and efficient theoretical scheme
based on the Volterra analysis and the MoM has been proposed
to investigate the performance of the MSAA with potential
application to communication terminals in the MIMO systems.
Experiments are conducted to validate the proposed theory, and
the relative errors between the numerical results are within 5%
for most results. The theoretical analysis gives clear relations of
the nonlinear component parameters with the received power
levels at two distinct frequencies, which may provide very
useful guidelines to improve the performance of the MSAA
system. More specifically, in order to increase the receiving
power level of the second-order mixing product signal caused
by the nonlinear diode, we can choose an optimal dc bias
voltage to excite the MSE, appropriate local signal frequency
and voltage magnitude, suitable length of the MSE, correct
loading position to maximize the reradiation of the modulated
signal, etc. Although the numerical and experimental results
are illustrated only for the plane-wave incidence with fixed
incident angles, the performance of the MSAA in realistic
MIMO communication channels can also be predicted by
using the proposed method in addition to the use of statistical
approaches, which will be the focus of the authors’ future work.
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