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1. Introduction

The space surrounding a radiating or scattering object is often divided into three regions,
namely reactive near-field, near-field (NF) or Fresnel region and far-field (FF) or Fraunhoffer
zones. In addition, the term “very-near-field" region is sometimes defined as very close to the
antenna (e.g., antenna aperture). There are no abrupt boundaries between these three zones,
however there are some commonly used definitions. For antennas with a size comparable
to the wavelength (1), the NF to FF boundary is calculated as r ~ 2D?/A , where D is the
maximum dimension of the radiating device and r is the distance between the device and
observation point.

The most widespread use of near-field measurement is in antenna diagnostics. In this
case, fields are sampled near the antenna, typically in the Fresnel region, and a NF-to-FF
transformation is used to obtain the radiation patterns (Petre & Sarkar, 1992). Rather than
extrapolating away from the antenna, another possible application consists of reconstructing
the field and current on the radiating device. This may require sampling within the reactive
near-field region, i.e., with r < A. Such in-situ near-field diagnostics have been made on
antennas (Laurin et al., 2001), microwave circuits (Bokhari et al., 1995) and device emissions
(Dubois et al., 2008). They can also be used to measure the wave penetration into materials
and their radio-frequency (RF) characterization purposes (Munoz et al., 2008). Dielectric
properties reconstruction (Omrane et al., 2006) is another use of NF measurement. Measuring
the coupling between components of microwave circuits (Baudry et al., 2007), calculating
FF radiation pattern of large antennas (Yan et al., 1997), and testing for electromagnetic
compatibility EMC (Baudry et al., 2007) and EMI (Quilez et al., 2008) are among the other
uses of NF measurement.

1.1 Statement of the problem— Obtaining accurate NF distribution

In applications such as the source or dielectric properties reconstruction, an ill-posed inverse
problem has to be solved. The solution process is highly sensitive to noise and systematic
measurement error. Accurate and sensitive NF measurement systems therefore need to be
designed and implemented. Typically, NF imagers suffer from three important issues: limited
accuracy and sensitivity, long measurement durations and reduced dynamic ranges, all of
which depend on the measuring instruments and components used.
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1.2 Modulated Scatterer Technique (MST)—An accurate approach for NF imaging

The distribution of near fields can be acquired using a direct (Smith, 1984) or an indirect (Bassen
& Smith, 1983) technique. In the direct methods a measuring probe connected to a transmission
line (e.g., coaxial cable) scans over the region of interest. The transmission line carries
the signals picked-up by the probe to the measurement instruments. The major drawback
associated with such technique is the fact that the fields to be measured are short-circuited on
the metallic constituents of the transmission line. Multiple reflections may also occur between
the device under test (DUT) and the line (Bolomey & Gardiol, 2001) resulting in perturbed
field measurement. Moreover, flexible transmission lines such as a coaxial cables, which
are widely used in microwave systems, do not always give accurate and stable magnitude
and phase measurements (Hygate, 1990). This phenomenon in turn leads to inaccurate
measurement, particularly where the measuring probe has to scan a large area. In contrast,
indirect methods (Justice & Rumsey, 1955) are based on scattering phenomenon and require
no transmission lines. Instead, a scatterer locally perturbs the fields at its position and the
scattered fields are detected by an antenna located away from the region of interest, so as to
minimize perturbation of the fields. This antenna could be the DUT itself (i.e., monostatic
mode, in which case the signal of interest appears as a reflection at the DUT’s input port)
or an auxiliary antenna held remotely (i.e., bistatic mode). The variations of the received
signals induced by the scatterer are related to the local fields at the scatterer’s positions and
are interpreted as the field measurement (magnitude and phase) by means of a detector. The
indirect method employs a scatterer which is reasonably small, does not perturb the radiating
device under test but is sufficiently large so that it is able to perturb the field up to the system’s
measurement threshold. Thus, a trade-off has to be made between accuracy and sensitivity.
The indirect method suffers from limited dynamic range and sensitivity (King, 1978).

To overcome the drawbacks mentioned above, a technique known as the modulated scatterer
technique (MST) was proposed and developed. MST was addressed and generalized by
Richmond (Richmond, 1955) to remedy the drawbacks of both the direct and indirect methods.
Basically, it consists of marking the field at each spatial point using a modulated scatterer,
which is called the MST probe (Bolomey & Gardiol, 2001). This technique brings some
outstanding advantages in the context of NF imaging such as eliminating the need to attach
a transmission line to the measuring probe and improving the sensitivity and dynamic range
of the measurement. From the point of view of probe implementation, tagging the field
(modulation) can be done either electrically (Richmond, 1955), optically (Hygate, 1990), and
sometimes, mechanically (King, 1978). Unlike optical modulation, the other modulation
techniques somehow show the same disadvantages as the direct method. In an electrically
modulated scatterer a pair of twisted metallic or resistive wires carry modulation signals
to the probe. The presence of these wires may perturb the field distribution near the DUT,
resulting in inaccurate measurements, whereas in an optically modulated scatterer (OMS) the
modulating signal is transferred with an optical fiber that is invisible to the electromagnetic
radio-frequency signal (Hygate, 1990). Thus, it can be assumed that it will only weakly
influence the DUT’s field distribution to be measured.

In this chapter, the design and implementation of a NF imager equipped with an array of
optically modulated scatterer (OMS) probes that is able to overcome the drawbacks associated
with the conventional direct and indirect methods are addressed. Additionally, a method
to improve the dynamic range of the NF imager using a carrier cancellation technique is
discussed.
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2. Photodiode-loaded MST probe— Optically modulated scatterer

An OMS probe includes a small size antenna loaded with a light modulated component. The
modulation signal is carried by an optical fiber coupled to the photoactivated component.
It is switched ON and OFF at an audio frequency causing modulation on the antenna
load impedance, which results in a corresponding modulation of the fields scattered by the
probe. In the bistatic configuration the scattered field is received by an auxiliary antenna,
as illustrated in Fig. 1. In the monostatic case the antenna under test is used to receive the
modulated signal. In the following, the design and implementation of an optically modulated
scatterer (OMS) is explained and discussed. Criteria for antenna type and modulator selection,
tuning network design and implementation, and an OMS probe assembly will be also covered.
Finally, the probe is characterized in terms of sensitivity, accuracy, and dynamic range.

Modulation signal _ OMS probe

1 — Carrier signal

* ----- Modulated signal
/—\ :' ,
LS
S
Ao’ . .
g ’ .
/—\ ' l '
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,
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AUT / T \
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Fig. 1. Schematic of an MST-based NF imager in bistatic mode.

2.1 Antenna type

In practice, there is a limited number of antenna types that can perform as MST probes.
Dipoles, loops, horns and microstrip antennas have been reported. The leading criterion to
select the type of antenna is to keep the influence of the probe on the field to be measured as
small as possible. The concept of a “minimum scattering antenna" (MSA) provides us with an
appropriate guideline for selecting the scattering antenna. Conceptually, an MSA is invisible
to electromagnetic fields when it is left open-circuited (Rogers, 1986) or connected to an
appropriate reactive load (ligusa et al., 2006). The horn and microstrip antennas do not fulfill
MSA requirements due to their bulky physical structures and large ground plane, respectively,
which cause significant structural-mode scattering regardless of antenna termination. The
short-dipole (length< A/10) and small-loop approach the desired MSA characteristics. A
dipole probe might be a better choice because of its simpler structure. Moreover, a loop probe
may measure a combination of electric and magnetic fields if it is not properly designed (King,
1978).

2.2 Modulator selection criteria

From the concept of AM modulation, we can introduce modulation index m as the ratio of
the crests (1+u) and troughs (1-y) of the modulated signal envelope, where y is the level of
AM-modulation (King, 1978). Therefore, m can be defined as:
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crest — trough

— 2 T 1
" crest + trough @

Assuming two states of the modulator with load impedance Zpyn and Zprp, and a probe
impedance Zp=Zjjpoe+Zin, Where Zy, stands for the tuning network impedancel, the
modulation index of the signal scattered by the probe is given by (King, 1978):

~|Zp+ Zon| = |Zp + ZoFF|

- )
1Zp + ZoN| + 1Zp + Zorr|

whereas the ratio of the currents flowing in the probe terminals in both states is given by:

I Zy+Z

cr = Honl _ 1Zp+ Zorr| 3)
[ore|  1Zp + Zon|

We can thus write:

o 1-CR @

~ 1+CR

If a small resonant probe is used, the real and imaginary parts of Z, can be made very small,
and possibly negligible compared to Zpy and Zppp, such that:

Z —\Z Z
m%| ON’ ’ OFF’ CR%| OFF| (5)

|ZoN| + | ZoFF| | ZoN|

The maximum possible magnitude of the modulation index occurs when CR = 0 (m = 1) or
CR — oo (m = —1). Ideally, it is desired to maximize |m| in order to have the strongest possible
sideband response for a given level of a measured field. The selected modulated load should
have either |Zon| > |Zorr| or |Zopr| > |Zon|- In other words, input impedance of the
device in the ON and OFF states should differ significantly. The results that will be presented
in the next sections were obtained with probes based on a photodiode manufactured by
Enablence (PDCS30T). This device was selected due to its high impedance variation as a
function of input light level at a target test frequency of 2.45 GHz. The input impedance
of the photodiode was measured on a wafer probing station using a calibrated Agilent 8510C
vector network analyzer for different optical power levels (no light, and with a sweep from
-10 dBm to 13 dBm) in the 2-3 GHz frequency range. The optical power in this measurement,
was applied to the photodiode via an optical fiber, which was held above its active area by an
accurate x-y positioning device.

Fig. 2a shows the impedance magnitude, revealing saturation for light power greater than +6
dBm (NB. In this figure we use the following definition dBQ) = 20l0g19(2). The impedance
of the diode in the "no-light" or OFF state and +6 dBm or ON state is shown in Fig. 2b. The
diode can be modelled approximately by a series RC circuit, with Rorr = 38.8(Q) and Corr =
0.31pF. In the ON state, a similar model with Rpy = 15.8(2 and Cpony = 13.66pF can be
assumed. These models are approximately valid in a narrow frequency band centered at
2.45GHz. According to Equation 3, at 2.45 GHz these measured data lead to CR=13.38 (22.5
dB) and m = —0.86.

! Tt is assumed that this network consists of a series reactance in this example but other topologies are of
course possible.
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It is worth mentioning that the model used for this photodiode (i.e., series RC connection), it
is only valid for small-signal operation. The photodiode switch-ON and breakdown voltages
are 1.5 V and 25 V respectively. In addition, the maximum optical power should not exceed
10 dBm to prevent nonlinear operation.
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Fig. 2. (a) Input impedance magnitude of the photodiode (PDCD30T manufactured by
Enablence), and (b) Input impedance (normalized to 50()) of the photodiode chip in the 2-3
GHz range with and without illumination. The measurement results and those obtained with
a model of the photodiode are compared.

2.3 Selection of OMS probe length

Usually, the scatterer (i.e., OMS probe) should have minimum interaction with the source of
the fields to be measured. The dynamic range of the measurement system depends on the
minimum and maximum field levels the probe is able to scatter, and the detection threshold
and saturation level of the receiver. Achieving a high dynamic range necessitates using a
larger scatterer at the expense of oscillations in field measurements and deviation from the
true field. In general for electrically small probes, the smaller the dimension of the scatterer
the smaller the expected disturbance, but at the cost of lower sensitivity. Smaller probes also
lead to better image resolution. Thus, a trade-off has to be made between the dynamic range
on one side and the resolution and sensitivity of the probe on the other side. The first MST
dipole probe reported by Richmond (Richmond, 1955) had a length of 0.31A. Liang et al.
used a length ranging between 0.05A-0.3A in order to make fine and disturbance-free field
maps (Liang et al., 1997). Measured electromagnetic fields were also reported in (Budka et al.,
1996) for operation in the 2-18 GHz band using MST probes that are 150 ym, 250 ym, and
350 pm long. A length of 8.3 mm was used by Hygate (Hygate, 1990) for signals below 10
GHz. Nye also used 3 mm and 8 mm MST probes at =10 GHz to obtain NF maps of antennas
or any passive scatterers (Nye, 2003). The probe presented here has a length of A/12 at a
design frequency of 2.45 GHz. The impedance of the printed short dipole at this frequency, as
obtained by method of moment, is Z, = 1.22 — j412Q).

In order to ensure that a A/12 dipole probe not only meets the requirements of MSA but
also has a negligible influence on the field to be measured, let us consider the measurement
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mechanism by MST probe using a network approach, as demonstrated in Fig. 3. The AUT in
this figure acts as a radiating source and also a collecting antenna (i.e., port #1), and the scatter
represents a measuring probe which is loaded with Z; at port #2 (e.g., input impedance of the
modulator) (King, 1978). Using of the impedance matrix of the passive network we can write:

Scatterer
IZIT V2
L1,
vij
AUT 1 - _ l2
(Source) —T°| Z11 Z12 |
Vi | Zet Z2 | | I Va 32t

Fig. 3. Modelling of measurement mechanism using network approach, monostatic
implementation.

Vi =Znh +Ziop (6)
Vo =Znh +Zplh )
The current induced in the probe (i.e., I;) yields a voltage Vo, = —I,Z; on port 2. One can
obtain Equation 8 by solving Equation 7 for V;:
Z12Zn >
Vi=Zn——"5 )1 8
1 ( n-z 7 )h 8)

It is also assumed that the voltage on port 1 in the absence of the scatterer is given by V) =
79,1, where Z?| is the input impedance of the AUT. Then, by subtracting it from Equation 8,
it yields,

©)

7107,
Vi—VY)=AV, = {(zn—z?l)— 12721 ]1

Zyp + 7]

It has been assumed that current I; fed to the AUT is unchanged in the two cases. Based on
Equation 9, it can be shown that the measuring probe has two separate effects at the receiver’s
voltage, namely, the effect due to its physical structure (i.e., structural mode) and its loading
(i.e., antenna mode). On the right hand side, the first term is present even when the probe is
left open-circuited (i.e., when Z; — o0), that results from the probe’s structural mode. The
second term appears when the probe loading (i.e., Z1) is finite or zero, allowing current to
flow in port 2. This contribution is therefore called the antenna mode. Only the latter term
is modulated in MST-based probes. The first term is present and varies when the probe is
moved from one measurement point to another but those variations are slow compared to
the rate of modulation. It can thus be assumed that they will not affect the measurement at
the modulation frequency. By considering an open-circuited scatterer (i.e., Z; — o), AV}
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gives (Z11 — Z?l)ll ; this represents the variation of the induced voltage across the AUT’s
terminal compared to the case in absence of the scatterer. Ideally, it is expected that AV} will
vanish for MSA antennas, i.e., structural mode radiation is vanishingly small. Now, in order to

N
w7 191 002 004 006 008 01 012 014

QO 005 Of /0)15 02 025 03 035 04 045
S——— OMS probe length (/ 2)

—

Fig. 4. AUT impedance variation due to the probe structural modes, as a function of the
probe length.

investigate whether the chosen length (i.e., A /12) for the OMS probe fulfills the requirements
of the MSA antenna, we performed a simulation in Ansoft HFSS, a 3D full wave finite element
solver, wherein, a planar dipole with a length of L = 10mm, width of w = 1mm and a center

gap of ¢ = 100um was considered. The dipole was positioned in front of the aperture of a

Zyy— 29
% versus

11
the length for probe was calculated. The results plotted in Fig. 4 show that A varies by less
than 1.5% for probes shorter than 0.15A. Therefore, an OMS probe consisting of a short dipole
with length of A /12 can be considered as a good MSA when it is used to characterize this horn
antenna.

horn antenna operating at a test frequency of 2.45 GHz. Then, the value of A =

2.4 Tuning network design

As shown in (King, 1978), scattering by the probe can be increased by adding an inductive
reactance in series with the capacitive short-dipole (i.e., Z, = Zgje + jwL) so that a resonance
occurs in one of the two states. The inductance value should be chosen such that the
numerator or the denominator in Equation 3 is minimized, leading to an increased modulation
index. This effect, however, is frequency selective.

The value of the inductance should make the loaded short dipole resonant when the light is
ON (denominator of Equation 3 minimized) and increase its impedance when the light is OFF
(or vice versa). To find the optimum inductance value, one may try to maximize CR. Fig. 5
represents CR versus inductance. The inductance of 25 nH associated with the peak in the
curve is referred to as the optimal point of the tuning network and it can be seen that the
maximum CR is close to the estimated value 22.5 dB calculated in Section 2.2. The minimum
of CR near L = 42nH also leads to a local maximum of |m| but it is not as high.
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Fig. 5. Current ratio versus the inductance value used for tuning.

3. Matching network impact on the OMS probe performance

The impact of the tuning network on the probe performance is presented here. The difference
between the scattered field when the dipole is in ON and OFF states (i.e. Zporr = 38.8 —
j206.20) and Zpn = 15.9 — j4.8Q)) at 2.45 GHz was calculated versus frequency for two cases:
with and without considering a tuning network in an OMS probe structure. To do this, a
method of moment code was developed to calculate the ON and OFF states scattered field in
the 1-4 GHz frequency range.

Matching Network
Equivalent Spiral inductor

circuit ~ <~ d
\
o/ \ d
I \ r.
[

E } |
|
\ I / I dy ZPhotodiode
Incident wave \\ / ‘ |
~_7 d
Short-dipole

(Printed circuit)

Current flow
—_—

..Shortdipole o\ .

" Matching Network

(a) (b)

Fig. 6. (a) Schematic depicting the equivalent circuit of the OMS probe, wherein R; = 1.22 (),
C4 = 0.15 pF, Ry(ON) = 15.85 ), C,(ON) = 13.65 pF, R, (OFF) = 38.78 (),

Cp(OFF) = 0.31 pF and L1 = L2 = 12.7 nH, and (b) Matching network for the proposed
OMS probe (d=0.99 mm, 5=63.5 ym and w=50.8 ym). Dipole length: 1 cm. Drawing is not to
scale.

In this model (see Fig. 6a), the scattered field was calculated 1 cm away from the dipole
when a uniform plane wave illumination is considered. The results shown in Fig. 7 exhibits a
significant improvement of about 23 dB in scattered field when the tuning network is added.
As a consequence, the sensitivity of the OMS probe is significantly improved. The two peaks
on the solid curve correspond to resonances that occur in the ON and OFF states of the OMS
probe.
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Fig. 7. Frequency response of an OMS probe: Solid line probe with tuning network and
dashed line probe without tuning network.

4. OMS probe fabrication

The OMS probe was fabricated on a thin ceramic substrate (alumina) with a thickness of 250
um, a relative permittivity of 10.2 and tané = 0.004. An optical fiber is coupled to the active
surface of the photodiode using a precision positioning system by monitoring photo-induced
DC current while the fiber is moved to find the optimal position. Finally, the fiber is
permanently fixed by pouring epoxy glue when in the position corresponding to the current
peak. In addition, in order to prevent any damage to the coupling by mishandling the probe,
a strain relief structure made of a low permittivity material (¢, ~ 2.7) is added. Fig. 8 shows
the photograph of the completed probe assembly. The dimensions of the ceramic substrate are
7 mm and 15 mm. The tuning element is implemented with two spiral inductors (see Fig. 6b).
Each inductor occupies an area of Imm x Imm. The photodiode area is 0.2mm?. Wire-bonding
provides the electrical contacts between the photodiode and the inductor terminals on the
substrate.

[ A

.

w

(a) 3D view (b) Top view

Fig. 8. Photograph of the implemented OMS probe.
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5. Validating the fabrication process

Once the OMS probe is fabricated, including fiber coupling, it is necessary to verify whether
it operates at the frequency at which it was designed. As the photodiode saturates at an input
power of +6 dBm (see Fig. 2), no further modulation index change is anticipated beyond this
point.

The OMS probe was tested by exposing it to a constant power electric field (e.g., near a horn
antenna or microstrip transmission line) at 2.45 GHz. An optical signal (waveguide of 1.3 um)
modulated at ~100KHz with a power between -10 dBm to 13 dBm was applied to the OMS
probe. The sidebands were recorded during this measurement at the input port of the horn
using a spectrum analyzer. Fig. 9 illustrates the results obtained by this experiment. It can be
seen that the level of the sidebands (normalized to its maximum) increases linearly with the
optical power when it is smaller than +6 dBm. As expected, beyond this limit the probe is not
able to scatter more fields. This test not only confirms that the probe is operating at a desired
working point but it also shows the quality of the fiber/photodiode coupling.

5

Saturation level

Normalized sideband level in dB

+6dBm

-10 -5 0 5 10
Input optical power to OMS probe (dBm)

Fig. 9. Variation of sideband power level (dB) versus input optical power (dBm) to the OMS
probe.

6. Omnidirectional and cross-polarization characterization

6.1 Omnidirectional response

A desirable feature for a near-field probe is to be able to measure a specific component of
the E or H field. In the case of a short dipole it is the component of the E field parallel to
the dipole axis, independently from the direction of arrival of the incoming wave(s). For a
thin-wire dipole, rotational symmetry of the response about the dipole axis is expected. In
practice the presence of a substrate, the flat strip geometry of the dipole and the presence of
the dielectric support structure break the symmetry. A detailed model of the probe including
these elements was simulated with Ansoft-HFSS as shown in Fig. 10a. In these simulations,
the probe is on the z-axis and centered at the origin. A near-field plot of E; (Co-pol.) and E
(Cross-pol.) on a 36 mm circle and in plane z = 0 are shown in Fig. 10b. The probe operates
as a transmit antenna but the response in the receive mode is the same due to reciprocity. The
results show a fluctuation of less than 0.45 dB in the desired E, component, and very low level
of cross-polarization.

Rotational symmetry of the response was also studied experimentally with the setup shown
in Fig. 11a. In this case, the probe operates in the receiving mode and it is located near the
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Fig. 10. Schematic of the OMS probe when investigated for omnidirectivity characteristic.
Co-polarized (E; solid line) and Cross-polarization (Ey dashed line) radiation of the OMS
probe in the H-plane at a distance of 36 mm from the probe axis, as predicted by HFSS (the
data is normalized with respect to the maximum value of E;).

aperture of a transmitting horn antenna. The experiment was done by rotating the OMS probe
about its axis while recording the power levels of the sidebands on a spectrum analyzer. The
measured pattern at a distance of 12.2 cm ( one free-space wavelength) shown in Fig. 11b
exhibits a fluctuation of about 0.6 dB. The figure also shows simulation results obtained with
HESS. In this case, the magnitude of the difference between the horn’s S;; parameter, in the
absence and the presence of the rotated probe, is plotted. The experimental and simulated
curves were normalized to make the comparison easier. In the simulation results, the effect
of the dielectric substrate and support structure is barely perceptible. On the contrary, the
experimental curve does not exhibit such a good rotational symmetry, as a difference of 0.6
dB can be observed between the maximum and minimum values. It is believed that this
fluctuation may be due to mutual interactions between the probe rotation fixture and the horn
antenna, which were not taken into account in the simulations.

| Carrier signal ® g —E— Mensizwe
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Fig. 11. The setup for testing the omnidirectional performance of an OMS probe (a).
Measured radiation pattern in the probe H-plane at a distance of one wavelength from the
illuminating waveguide (magnitude in dB) (b).
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6.2 Cross polarization
According to Fig. 10a, the cross-polarization of the OMS probe is give by Equation 10.

E(P = Ecrossfpol. = —Ex Sin(cp) + Ey COS(‘P) (10)

HEFSS simulations predicts a cross-polarization rejection of more than 55 dB for the OMS probe.
To verify this result experimentally, the coupling between two identical open-ended WR-284
rectangular waveguides that face each other (Fig. 12) was measured. Although rectangular
waveguides already have very good on-axis cross-polarization rejection, it was further
improved by inserting a grid of parallel metal-strips (3 strips per cm) printed on a thin
polyimide substrate (thickness of 5 mil and a relative permittivity of 3.2). These polarizers
were mounted on the apertures of the transmit and receive waveguides. The strips, illustrated
on the Tx waveguide in Fig. 12, are oriented perpendicular to the radiated field. The Tx
waveguide did not show significant change of the return-loss after adding the polarizers.
In the experiment, the apertures were aligned and set one wavelength apart from each other.
Then, the OMS probe was mounted on a fixture made of foam transparent to microwaves
(e, ~1) and was inserted between the aperture of the waveguide as illustrated in Fig. 12.
The setup operated in a bistatic mode, i.e. the sidebands generated by the OMS probe were
measured at the output port of the receive waveguide. Measurements were made with the
receive waveguide rotated about its axis by 0 and 90 degrees; the level of the sidebands
introduced by the probe changed by 60.55 dB. This should be considered as a lower bound
on the probe-induced cross-polarization, as the cross-polarization rejection of the polarizers is
not infinite in practice.

Eco
Improving X-Pol.

E

co
Excitation port 5
(RF source) Ecross ¢

Ecross

Output = d
- (Analyzer) @

Receiving Rotation
waveguide

Open-ended waveguide [ / OMS-probe
(Numinator) ”Metal-strip gridding
Fig. 12. Setup to measure co-to-cross polarization (Ey) rejection of the OMS probe (only one
of the polarizer sheets is shown for clarity).

7. OMS probe frequency response

The frequency response of the OMS probe was assessed by using it in a monostatic scheme.
The probe was inserted in a rectangular WR-284 rectangular waveguide and aligned with the
main component of the E-field. With the photodiode in the OFF state, the waveguide was
connected to a calibrated vector network analyzer through a 3-stub tuner that was adjusted to
give the minimum possible reflection coefficient (less than -65 dB) over the tested frequency
band. Then, an optical power level of +6 dBm was applied to drive the photodiode in the ON
state. The difference between the complex reflection coefficient at the tuner’s input port in
both states was then normalized to have the maximum at 0 dB. The results displayed in Fig. 13
show two peaks. It is believed that they are due to the different resonance frequencies of Z,, +
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Zon and Zy + Zorr (see Fig.7). In fact, if a simple capacitor model is assumed for the short
dipole in free-space, resonance frequencies of 2.53 GHz and 3.09 GHz can be calculated for the
ON and OFF states respectively. Results from a simulation done with the thin-wire method
of moment are also shown in the figure. In the simulation, the probe is illuminated with a
uniform plane wave in free space. This shows the normalized difference between the squared
scattered field taken 1 cm away from the dipole in the two states. The results also exhibit
a double peak response. In the measurement, the resonance observed in the waveguide
are shifted to lower frequencies. This shift is thought to be due to imperfections in the
construction and uncertainty in the substrate’s constitutive material parameters. Furthermore,
the value of Z, in free-space is not the same as in the waveguide where the dipole is interacting
with the metallic walls. Finally, as these reflection differences are obtained by subtracting
very similar measured values, the results are susceptible to measurement and simulation
inaccuracies. Both curves exhibits a maximum sensitivity near the design frequency of 2.45
GHz. Finally, the waveguide measurement process described above was simulated in HFSS.
The reflection coefficient difference shown in Fig. 13 exhibits peaks near 2.7 GHz and 3 GHz. It
should be noted that this curve is derived from differences between S1; values with a variation
smaller than 5 x 10~° in magnitude. Therefore, the frequency shift compared to the other two
curves may be partly due to simulation inaccuracies.

[—Measured
==-Developed MoM code
- Simulated (HFSS)

=20}

Magnitude of difference in dB

.25/

1 15 2 25 3 BT 4
Frequency in GHz
Fig. 13. Difference of frequency response for the OMS probe in ON and OFF states: solid line

is the measured reflection coefficient; dashed line is the simulated scattered field; dotted line
is simulated reflection coefficient.

8. OMS probe performance validation

In order to verify the performance of the developed OMS probe, it was set to measure the
electric field distribution near a 50-() microstrip transmission line. The test was made in a
monostatic setup, where the measured signal is proportional to the square of the complex
electric field (v « E2). The transmission line was fabricated on a Rogers substrate (RO3035)
with a relative permittivity of 3.8 and a thickness of 60 mils (Fig. 14).

The rapidly varying fields near the line are highly suitable to assess the resolution and the
dynamic range of the measurement system. In this measurement, the probe is scanned across
the microstrip line at a height of 3 mm above it, and measures the transverse electric field
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distribution along x (i.e., Ey) (Fig. 14). The transmission line was terminated with a matched
load.

To validate the measurement results, we also included the field distribution of the
transmission line predicted by HFSS (Fig. 15).The results obtained from simulation need to
be post-processed to take into account the effect the finite length of the measuring probe. This
topic will be discussed in Section 9.

OMS-probe,
0 Matched load
| s —5 . L

\ i

- — ]
Fiber Optic

500

SMA

connector ____

Bontuce in df
o
Tiuse 1 Oog

pasbon O mem POSEON 1 TN

(a) Magnitude (b) Phase

Fig. 15. Measurement results and simulations (magnitude and phase) of electric field (Ey) at
h =3mm.

8.1 Taking the square root: sign ambiguity removal

When the NF imager operates in monostatic mode, the measured fields are obtained by taking
the square root of the measured data. The square root of a complex signal v = X; + jXg
has two solutions and it is necessary to select the proper one. The procedure might be
straightforward when the measured field takes nonzero values. In this case it is possible to
ensure continuity of the phase distribution in the whole data set. In contrast, sign retrieval is
not an easy task if nulls occur (i.e., E = 0) at some locations. In these cases, no clear method
has been addressed to choose the sign of the square root correctly. However, a technique was
reported in (Hygate & Nye, 1990) for some particular cases.

In the case of the microstrip line considered here it is well known that transverse electric field
(Ex in Fig. 14) has a null on the strip’s symmetry plane and a different sign on both sides.
Thus, even if choosing the sign of the electric field on either side is impossible without a priori
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knowledge. It is assumed that when a contour with zero E field is crossed, the phase changes
by 7.

9. Probe correction

The short dipole implementing the probe has a finite length. Therefore, the measured data is
not representative of the fields at a point but rather of the integral of the weighted field along
the probe. To take this effect into account, we used the induced e.m.f method for calculating
the induced voltage across the probe’s terminal generated by an incident E-field (see Fig. 16a).
In this method, we need to know the current distribution (J) on the probe when it is radiating,
i.e., acting as a transmitting antenna. Since the length of the probe is shorter than 0.1A, one can
assume that | can be approximated by triangular current distribution, as shown in Fig. 16b.

Triangular current 1z
distribution Calculated poi Current ;
\ Y 2 C”(iflfssg’m"“ i distribution Incident
) R 1=
Ry Sy /M
: : p (5. H,)

OMS probe «

. _-.Microstrip line X ‘ ! . \ 2‘
; (E.H)
) 1.(z)

— R
5
~d

(a) (b)

>\

Fig. 16. (a) Schematic showing the effect of a probe length on the field to be measured, and
(b) Geometry for calculating the induced current on the OMS probe.

]probe = ]probe(o) [1 - ?] Uz (11)

The measured field is given by the field-current convolution for every point using Equation 12
(see Fig. 16b).

1 _
Vprobe = —m/LEi-uz](Z)dl (12)

This equation was used to process the field calculated by HFSS in Fig. 15. The simulations,
after applying convolution, probe correction, are in very good agreement with the
measurements, both in magnitude and in phase plots, which proves the excellent performance
of the probe (see Fig. 15). Within the £15 mm interval, the average difference between the
simulated (with probe correction) and measured fields was 6.4% in magnitude and 3.2 degrees
in phase. It is worth mentioning that the probe correction does not alter phase information in
this example due to uniformity of the phase on both sides of the x=0 plane.
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10. Sensitivity

The sensitivity of the measurement system is not only dependent on the modulation index
of the loaded probe but also on the sensitivity and noise floor of the receiving equipment
measuring the sideband signal. In the monostatic configuration, the magnitude of this signal
is proportional to Ap, the difference in the AUT reflection coefficient in the photodiode’s ON
and OFF states. It can be proven that for a monostatic test configuration this difference is
proportional to S%l (Equation 13), where Sy; represents coupling between the AUT and probe
ports (Fig. 17) (Bolomey & Gardiol, 2001).

Ap x S5 — Ay = K153 (13)
Furthermore, the field incident on the probe is proportional to Sy, i.e.,

E oSy — E=K59 (14)
Using Equations 13 and 14, we can obtain:
Ap

E=K*" 15
51 (15)

The sensitivity of the system to electric field can be given in terms of the minimum possible
reflection coefficient that can be accurately measured, namely Ap,,;,. Consequently, the
sensitivity of the system is simply given by

Ao, :
Epin = ‘K%‘ (16)
21

Electricfield Tx/ Rx device

olarization
........................ P (Horn antennaor
Short-dipole : transmission line)
Photodiode Incident field
iActive area : scattered field
Spiral inductor : (Modulated) /Port 1

: . (Input port)
........................ Port 2 Reflection

Fig. 17. Drawing of the setup used to measure sensitivity of the OMS probe.

where K = K;/Kj is a constant. The field sensitivity will therefore depend on the AUT. For
a radiating structure, we expect a higher value of Sy; and therefore a better sensitivity, than
for a guiding structure such as a microstrip line. To illustrate this, we have estimated the
sensitivity for two structures: a horn antenna operating at 2.45 GHz and the microstrip line
terminated with a matched load. By simulation, we obtained the field incident on the probe
for an incident input power of 1 watt at the DUT’s input port. The same configuration was
then repeated experimentally, that is to say with the probe located at the same point as in the
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simulations. With the probe in this fixed position to keep Sy; constant, the incident power was
reduced with an attenuator until the receiver’s noise floor was reached. The field sensitivity
was then calculated by scaling the E-field value obtained in simulations by the square root of
the threshold power level (in watts) measured experimentally. In the case where the probe was
in the aperture of the horn (large Sy1), the sensitivity was 0.037 V/m. When it was at a height
of 3 mm above the microstrip line (small Sy1), the sensitivity degraded to reach 54.3 V/m.
This large difference illustrates a weakness of the monostatic configuration for characterizing
non-radiating structures.

11. Optically modulated scatterer (OMS) probes array: Improving measurement
speed in a NF imager

A linear array of seven OMS probes was developed in order to improve the measurement
speed of the NF imager. In the array, the probes are laid in parallel along a line perpendicular
to the probes” axes (see Fig. 18). The probes were mounted on a piece of planar foam (e, ~1)
with a spacing of 3 cm between the probes. The foam has a thickness of 1.2 cm and is very
rigid. It also prevents the array from vibrating when a very fast measurement is made. The
array is moved mechanically along one direction, while being moved electronically (as well
as mechanically if finer measurement resolution is required) in the orthogonal direction so
as to scan a 2D grid. Thus, this arrangement divides by seven the number of mechanical
movements in only one direction. It is shown in (Cown & Ryan, 1989) that not only the
probe translations by the positioning system but also the switching time between the probes
remarkably slow down scanning of the NF imager. Thus, to achieve faster measurements it is
necessary to pay attention to both aspects simultaneously.

N

fj' .

Fig. 18. Photography of the developed array of seven OMS probes.

11.1 Laser diodes array: custom-designed optical switch

In practice, it is necessary to use an optical switch in order to send a modulation signal to the
designated probe in the array.

To this end, an array of controlled laser diodes (see Fig. 19) was designed and developed. Each
laser diode is individually connected to a probe. A digital controller was also implemented to
provide proper signaling to the probe. The controller produces a reference signal used by the
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lock-in amplifier (LIA). The stability of this reference prevents phase jitter in the measured
data.

The electronically switched feature of the array not only increases the measurement speed but
also eliminates cross-talk between the outputs, which was observed with a mechanical optical
switch. As a result, we obtained a 14-times improvement in the measurement time compared
to the setup reported in (Tehran et al., 2009).

Current driver “i*
H i Laser

1 I Monitoring
~GND~™ photodiode

Fig. 19. Schematic showing a laser diode and its driver.

11.2 The developed NF imager equipped with array of OMS probes

Fig. 20 demonstrates the NF imager incorporating all of its essential parts namely, microwave
electronic, and optical circuitries necessary to transmit/receive and process the scattered fields
by an OMS probe in the NF imager. The microwave part consists of an RF source, an active
circuit equivalent to a conventional I-Q demodulator and a carrier canceller circuit. Base-band
analog and digital parts include a lock-in amplifier (LIA), model SR830 manufactured by
Stanford Research Systems, which provides signal vector measurement (magnitude and
phase), a current driver exciting and controlling a laser diode, and a digital controller that
generates the reference signal required by an LIA and also that addresses the RF SPDT switch.
This controller also sends commands to the laser diodes modulating the OMS probes. The
whole setup is controlled by a computer software developed using LabView.

12. Validating the NF imager

12.1 Array calibration

It is practically impossible to make a set of identical OMS probes. Differences in the responses
of the probes can be caused by differences in the photodiode characteristics, materials used,
optical fiber/photodiode coupling quality and many other factors (Mostafavi et al., 2005). In
order to quantify these differences in the probes, we performed a simple monostatic field
probing experiment in which the seven probes are set to measure the E field at the same fixed
point near a DUT. The obtained results are then used to compute a complex correction factor
(CF) corresponding to each probe using Equation 17.

E
CF=—" .i—1,7 17)
EProbe#i
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Fig. 20. (a) Near-field imager microwave circuitry configured for bistatic operation, and (b)
receiving part of the imager incorporating the OMS probe array and a WR-284 rectangular
waveguide.

Probe # CF |CF| |£CF(deg)
1 0.8704+j0.0218|0.8706| 1.4347
0.9645-70.0806 |0.9678| 4.7724
0.959-j0.0511 [0.9603| -3.050
1+/0 1 0
1.0007-j0.0091 {1.0007| -0.5210
1.0252+70.0258|1.0255| 1.4415
1.0432+j0.0406|1.0439| 2.2287

NN U WN

Table 1. The measurement results of a known field using individual probes (all
measurements have been normalized to the reading of probe #4).

In this experiment, an antenna with a highly concentrated near-field distribution was used as
a DUT. This antenna incorporates a cylindrical waveguide loaded with a dielectric material
having a dielectric constant about 15. This dielectric part concentrates the fields over a small
area where the probe under test is located, while weakly illuminating the other probes (which
are switched OFF). The probes are positioned within the illuminated region near the antenna
and the fields in the E-plane of the illuminating antenna are scanned. Ideally, it is expected that
the probes will measure the same field distribution. However, due to the factors mentioned
earlier they do not. Therefore, as an effective compensation technique, a probe in the array is
used as a reference (e.g., probe#4, central) to which the rest of the probes are weighted by a
complex number (e.g., correction factor). The correction factors can be obtained for several
points and averaged to get a better agreement between the responses of the probes. The
computed correction factors based on the method explained here, are listed in Table 1. The
effect of applying correction factors on the measurement results will be discussed later.
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12.2 Receiving antenna compensation

In the bistatic test setup, the receiving part of the NF imager incorporates an auxiliary antenna
(AA) to pick up the scattered fields and send them to the coherent detector, as illustrated
in Fig. 20b (see also Fig. 1). During the scan, the AA is moved together with the array
and its phase centre has a minimum distance from the central probe (i.e., probe#4). In this
configuration, the rest of the probes are placed symmetrically on both sides of probe #4. As can
be observed in Fig. 20b, the scattered fields propagate along different paths to reach the AA
(i.e., r;; i=1, 7). Each probe is also seen by the AA with a different view. Then, the picked-up
signals will not be identical even if all the probes are exposed to the same fields. So, we
need to compensate the measured data (raw data) for the NF radiation pattern of the AA.
In principle, the simple compensation method described in the previous subsection should
suffice. In practice however it has been observed that the coupling between each probe and the
AA slightly varies when the probes are moved near the AUT, even if the AA is maintained at
a fixed position with respect to the probe array. This variation comes from mutual interaction
of the AA and probe array with the AUT, which is not constant during the scan. A method to
compensate for this effect is introduced in the next paragraph. We first set the AA in Fig. 20b
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Fig. 21. The measurement result obtained in the test to compensate for the radiation pattern
of the receiving antenna; (a) magnitude and (b) phase of the normalized measured E field by
the AA in the monostatic setup.

to operate as an illuminator in a monostatic mode (TX/RX device). During this test the AUT
is passive and terminated with a matched load. In this experiment, the probes are addressed
successively and then moved to a new position until the array scans the region of interest
above the AUT. Ideally, a flat response is expected over the region scanned by each probe, but
given the interaction of the array with the surrounding objects, including the passive AUT,
and the interaction between probes, the measured results are not constant, as illustrated in
Fig. 21. In this test the AUT was a horn antenna and the array was scanned at a height of
30 mm (i.e., A/4) above the aperture. The ideal results, i.e., with no interaction between the
probes with the AUT and the AA are shown by broken line in Fig. 21. The asymmetry of the
curves occurs because of discrepancies in the probes of the array, displacement of probes and
misalignment. Even though each probe is at a fixed distance and angle from the receiving
antenna, significant variation can be observed when a 30 mm interval is scanned. The results
also demonstrate the importance of the compensation before any comparison is made to
validate the imager’s results. After this test, the E-field measurements of the AA at each
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position of the array and for each probe (i.e., E44) are used to correct the NF measurements
obtained for the AUT in the bistatic setup, i.e.,:

E AuT,Bistatic

18
oy (18)

Eaur =

13. OMS probes array: validation results

The electric field distribution of a planar inverted-F antenna (PIFA, Fig. 22) radiating at 2.45
GHz was measured in bistatic and monostatic modes on a plane located at A/4 above the
antenna’s ground plane (Fankem & Melde, 2008). Such an antenna is commonly used in
portable devices (e.g., cellphone) and communication systems.

Fig. 23 shows 2D measurement of the AUT E-field distribution after compensation for probes’
differences, receiving antenna radiation pattern and variations of interactions with the AUT.
The magnitude plot shows a dynamic range of ~25 dB over a scan area of 240 mm by 210
mm. Fig. 24 shows E- and H-planes NF cuts of the PIFA, including the measured magnitude
and phase. For validating the results obtained by the imager, all measurements are compared
with simulations and also to the field distribution obtained by the imager operating in the
monostatic mode. All curves (i.e., magnitude of E-field) are in good agreement with each
other except that of the monostatic measurement, which deviates from the true field starting
from -20 mm toward negative x values.

PIFA spatcal
structure

E-field polarization Inner conductor
— > P axc
E 2
#
H_p =
GND

50. -;) SMA connector

GND

Poxe

W_GND

Tt
Y

Food point

- =

L _GND

Fig. 22. Antenna under test (AUT). PIFA antenna operating at 2.45 GHz with measured
return-loss of about 12 dB; the physical dimensions of the PIFA are as follows: L,=27 mm,
Wp=13 mm, H,=7 mm, Pex.=7 mm, Wgnp=70 mm and Lgnp=137 mm.

In all cases the measured phase information in the E-plane of the PIFA are in good agreement
over the whole x interval. In order to quantify the difference between the measurement results
and the simulated distribution of the PIFA, the mean square error of the data was calculated.
The error associated with E-plane and H-plane cuts are 0.12% and 0.06%, respectively, with
respect to simulations. The benefit of probe correction in the bistatic case is clearly visible in
the H-plane results.
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Fig. 23. 2-D map of electric field distribution measured (compensated results) at a distance of
A/4 above AUT; (a) magnitude (dB) and (b) phase (deg.).

" [—Smuatea
=w=Mensured-Bistatic
Measired Monostulic

—Sirmudated
=sMeasured- Bistalic
Measured Monostabe

_Bistobic (raw data) 50 [ Bestaticirawants)
Al il .. 9 1
8 b [
g ' . |
210 | s-100 {
3 K A |
E : 7
A5 -200 ’/' "
250 A4 ‘
I 'I ’l
200 ~300| J/ |
s | |
T v (T B T ) (] T T
Posibon in mm Posilion n mm
(a) E-plane (magnitude) (b) E-plane (phase)

or | —Smisied

===Measured-Eistatic === Measured-Bistatic
Messured-Monostatic i o Measured-Monostatic ©

[ Bistatictrawdste) | | Bistatic awdalay |

g B
T 0- { A
-1 E-wm {
|} | t
§~|5 ,,' :\__‘. | .‘w}v ., |
\‘ ‘
30 :oo! \\ |
\‘. ‘
~100 <0 0 100 130 <100 50 a 30 100 150
Position in mm Position in mm
(c) H-plane (magnitude) (d) H-plane (phase)

Fig. 24. E- and H-plane cuts of the measured E-field at distance of A/4 from the PIFA
antenna’s ground plane; (a) and (c) magnitude (dB), and (b) and (d) phase (deg.).

14. Carrier cancellation: NF imager dynamic range and linearity improvement

In an MST-based NF imager the received signals (modulated) consist of a carrier and
sidebands. Although the probe reflects the field at the carrier frequency, this does not affect
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the measurements, which are performed at the sideband frequencies. The carrier is generally
stronger (e.g., ~ 50dB) than the sidebands in the modulated signal. Nonlinear behaviour
such as saturation and compression in the receiver occurs at higher powers of the carrier,
particularly beyond -3 dBm.

To overcome these problems, the NF imager can be equipped with an automated circuit,
so-called the carrier canceller, in order to eliminate the carrier from the received signals and
leave the sidebands intact. This allows us to amplify the signal applied to AUTs, leading to
a higher sideband level. As a consequence, the signal-to-noise (SNR) ratio of the modulated
signals at the coherent detector’s front-end improves considerably, resulting in larger dynamic
range. The carrier at the receiving port is minimized by combining the received signal with
a 180-degree out-of-phase tone at the carrier frequency whose magnitude and phase are
adjusted adaptively.

14.1 High-dynamic range NF imager: Example of application

In order to demonstrate the high dynamic range of the NF imager when it is equipped with
the carrier cancellation circuit, the E-field distribution above a bandpass filter operating at
2.45 GHz was measured. The measurement was performed 3 mm above the traces at 2.45
GHz. Figure 25a shows photograph of the filter under test. The results shown in Figure 25b-c
include both magnitude and phase of Ey. It can be seen, that the power propagate through
the filter to reach the matched load. The achieved dynamic range of the near-field map is
approximately 80 dB.

15. Conclusions

This chapter addressed and discussed the design and implementation of a NF imager
based on the modulated scatterer technique (MST) in detail. The imager consists of several
optically modulated scatterer (OMS) probes that are very accurate, highly sensitive and also
frequency selective. Each OMS probe was optimized to operate at 2.45 GHz. This probe,
guarantees almost perturbation-free measurements. It can be implemented with low-cost
commercial off-the-shelf photodiodes. The OMS probes were also studied and verified
for omnidirectionality and cross-polarization rejection performance. The probes showed
an absolute deviation of about £0.3 dB with respect to an omnidirectional response. The
co-to-cross polarization ratio was measured and found to be better than 60 dB. The frequency
response of the probe was studied theoretically and experimentally in order to qualify the
performance of the matching network and to assess its impact on the frequency response of the
OMS probes. The performance of the probes was validated by measuring the NF distribution
of a 50 () microstrip transmission line. The measurements were compared with results of
simulations using HFSS. The results also showed that the sensitivity of the measurement
system can be as low as 0.037 V/m. Error associated with magnitude and phase measurement
of respectively 6.4% and 3.2 degrees were observed. By developing a linear array of OMS
probes, the measurement speed for an E-field measurement was increased more than 14
times compared to that obtained with a commercially available opto-mechanically switched
systems. To improve the accuracy of measurements using the array, the raw measurement
data were corrected using the proposed calibration technique, to compensate for uncertainties
in the probes’ responses. The E-field measurements made with the developed imager were
in good agreement with the simulations and were very rapid. Benefiting from carrier
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Fig. 25. The measurement results of the transverse E-field above a bandpass filter at 2.45
GHz; (a) magnitude and (b) phase.

cancellation, the isolation between the input and output ports of the imager was improved
by about 60 dB. This enabled us to increase the signal fed to the NF imager and reach an
overall dynamic range of 85 dB, i.e., an increase of 18 dB compared to the case when the NF
imager is not equipped with the carrier cancellation circuit.
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