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Abstract—Emission source microscopy (ESM) could be
utilized to localize the Electromagnetic Interference (EMI) sources
that contribute to the far-field radiation. In those cases, the
electrical field over a two-dimensional plane is collected by
mechanical scanning, resulting in a long measurement time and
the presence of mechanical errors. In this work, a microwave
camera based on a two-dimensional array of elliptical slot
antennas and diode detectors is presented. Multiplexers are
utilized to access the output of each detector and the scanning of
the whole array could be done multiple times per second.
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1. INTRODUCTION

As data rates and clock frequencies continue to increase, the
EMI problems at several or tens of GHz have become more
serious. Emission source microscopy (ESM) is a measurement
method that can identify the radiating sources of a complex
system. The complex field on a 2-D plane above the device
under test (DUT) is measured and backpropagated to the source
plane. In previous work on the ESM technique [1][2], dense and
uniformly-distributed sampling points are picked on the scan
plane, proving the best quality but leading to long measurement
time. In [3], a sparse and nonuniform sampling method is
applied to the ESM technique. It is proven that increasing
number of samples proportionally increases the signal to noise
(SNR) of reconstructed image for an ideal point source. The
sparse ESM allows to select the number of samples based on the
desired image quality, however, the human intervention is still
needed. [4] presented an automatic method to select the
sampling points based on the Gaussian process regression
(GPR), which will predict the field distribution based on

sparsely measured samples and select the next scanning location.

The automatic GPR ESM method could further reduce the
number of measurement points with less image quality
degradation. The study in [5] shows how image quality is
affected by numerical properties of the sparse ESM method.

However, although the sparse ESM method can greatly
reduce the scanning time, the mechanical scanning system is still
required, and the mechanical errors are always present [6].
Moreover, the scanning time is still the biggest obstacle limiting
the efficiency of studying and mitigating the EMI in complex
systems [7]. A real time imaging system may address the
limitations of the traditional ESM methods in certain
applications. A microwave camera built upon a two-dimensional
array of switchable slot antennas was presented in [8]. In that
design PIN diodes are utilized to engage the resonant elliptical
slot antennas in the imaging system. The magnitude and phase
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Fig. 1. (a) Antenna model. (b) Manufactured antenna prototype.
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Fig. 2. Schematic of the diode detector.

of the antenna signals are measured, and the image is
reconstructed based on the Synthetic Aperture Radar (SAR)
technology. While providing an excellent image quality in real
time, the system presented in [8] is complex and expensive.

In this paper, we propose an inexpensive design of a real-
time microwave camera for EMI source imaging. A prototype 8
x 8 sensor array working up to 12 GHz is designed and presented.
The antenna elements similar to those in [8] are used, but with
integrated zero-bias diode detectors. Because of this no RF
switching is required, and low frequency multiplexers are
utilized to switch the detector outputs, thus reducing the
complexity and cost of the array. Arduino Mega 2560 controller
is utilized to control the multiplexer and measure the output of
the diode detectors. Since only the magnitude of the signals is
measured, an additional focusing system is required. A Fresnel
zone plate is used for that purpose. The scanning of the whole
array could be done multiple times per second, which is
significantly faster compared to mechanical scanning. In the
future work, a larger array will be designed and utilized to
practical applications.

The paper is organized as follows. In Section II, the design
of the proposed real time camera is introduced. Section III
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Fig. 3. Diagram of the camera sensor.

Fig. 4. The manufactured real time camera sensor.

presents the characteristics of the camera and the measurement
results. Section IV presents the conclusion.

II. REAL-TIME MICROWAVE CAMERA DESIGN

The proposed prototype camera consists of 8 x 8 elliptical
slot antenna elements with integrated zero-bias diode detectors.
The target frequency band of the antenna elements is
approximately 8-15 GHz. The model of the antenna is shown in
Fig. 1 (a) and the dedicated prototype — in Fig. 1 (b).

The detector circuit diagram is shown in Fig. 2. A pair of the
Schottky diodes (Infineon BAT15-04W [9]) and the 1 nF
capacitor are added to each antenna element to produce a low
frequency signal related to the RF amplitude. The diagram of the
entire system is shown in Fig. 3. An Arduino Mega 2560
controller is utilized to switch the multiplexers and measure the
output from each element. Two 8-to-1 multiplexers are used to
select rows and columns respectively. The instrumentation
amplifier is used to increase the sensitivity of the system. A
shunt 1 kOhm resistor at the input of the amplifier is the load for
the detectors and, and a shunt 0.1 uF capacitor provides
additional filtering. It is worth noting that the off resistance of
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Fig. 5. Characterization of the elliptical slot antenna. (a) Measurement setup.
(b) Reflection coefficient of the antenna. (c) Gain of the antenna.
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Fig. 6. Characterization of the detector board. (a) Photo of the board. (b)
Measurement setup. (c) Sensitivity at 10 GHz. (d) Frequency response.

the multiplexer needs to be much higher than the detector load
resistor in order to ensure DC decoupling between the array
elements.

The proposed camera sensor is fabricated on a standard 2
layers PCB, as shown in Fig. 4. The thickness is 1.6 mm, and
the dielectric is FR4. The slot antenna and the components are
built on the top layer, the signal lines “A” are routed on the
bottom layer, and the ground lines “B” — on the top one.

III. CHARACTERISTICS OF THE REAL TIME CAMERA

A. Antenna and Detector Characterization

the dedicated slot antenna is characterized, as shown in Fig.
5. The reflection coefficient of the slot antenna is measured by a
VNA. For the gain measurement the transmission coefficient
between the elliptical slot antenna and a horn antenna with
known gain is measured. The gain of the antenna is derived from
Friis transmission equation:

1

Gsior = |521|2
e Ghorn

indy’ W

A
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Fig. 7. Characterization of the single array element. (a) Measurement setup.
(b) Sensitivity of the element. (c) Frequency response of the element.

where S, is the transmission coefficient from the horn antenna
to the slot antenna, Gp,,,, is the gain of the horn antenna, and d
is the distance between two antennas. The measured gain of the
slot antenna in the X-band is between -2 and 2 dBi as can be
seen from Fig. 5 (¢).

A separate detector board is built, as shown in Fig. 6 (a). The
1 kOhm shunt resistor is added to the detector to get similar
output as in the array element. To measure the sensitivity, as
shown in Fig. 6 (b), the detector board is excited by a signal
generator, and the output is measured using an oscilloscope. By
decreasing the excitation amplitude, the minimum detectable
power could be evaluated. As shown in Fig. 6 (c), the sensitivity
of the detector circuit is about -53 dBm, corresponding to the
output voltage just below 0.1 mV. Below that level the
sensitivity was limited by the noise of the measurement
instrument. By changing the frequency of the input signal, the
frequency response of the detector board was also investigated.
The results are shown in Fig. 6 (d). The input power is fixed at
-35 dBm, and the frequency is swept from 2 GHz to 20GHz,
with a 0.5 GHz step. As can be seen, the output voltage of the
detector is relatively high below 12 GHz (the maximum
operational frequency of the diodes according to the datasheet),
with a peak level around 10.5 GHz.

Afterwards, the slot antenna is connected to the detector and
the properties of the single array element is evaluated. The horn
antenna connected to a signal generator is used as the signal
source, as shown in Fig. 7 (a), and the output of the detector is
measured by an oscilloscope. The distance between the horn
antenna and the slot antenna is about 40 cm, and the E-field at
the receiving antenna location is calculated as [10]:

\/30 * Pantenna * Ghorn
E = d

(2)
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Fig. 9. Characterization of proposed camera with amplifier. (a) The amplifier
AD 620. (b) Minimum detectable E field strength of the array with amplifier.

where P,,tenna 18 the antenna input power, Gy, 1s gain of the
horn antenna, and d is, the distance between the antennas. The
output voltage vs. the E-field strength is plotted in Fig. 7 (b). The
minimum detectable E-field strength is about 30 V/m
corresponding to the 0.1 mV detector output. Similarly, the
frequency response of the combined circuit is measured, as
shown in Fig. 7 (c). The E-field strength is fixed on 75 V/m, and
the frequency is swept from 8 GHz to 12 GHz. The maximum
output voltage is observed at 11.25 GHz and a second peak is
located at 10 GHz. The system bandwidth is determined by the
cut-off frequency of the antenna and the maximum operational
frequency of the diodes and is approximately equal to 8-12 GHz.

B. Real-time Camera Sensor Characterization

The proposed 8 x 8 array sensor is characterized using the
setup as shown in Fig. 8. The sensitivity and the image quality
are evaluated. In this case, the output voltage of each element is
measured by the 10-bit ADC of the Arduino board. The output
signals or all elements are read by the serial interface and plotted
in MATLAB. As shown in Fig. 8 (b), the minimum detectable
voltage is about 4.9 mV, which is determined by the sensitivity
of the on-board ADC (this voltage corresponds to the E-field
strength of about 180 V/m). A typical image detected by the
sensor directly illuminated by a horn antenna is shown in Fig. 8
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Fig. 11. Test example of the proposed camera. (a) The horn antenna points to
the left. (b) The horn antenna points to the right.

(c). The value of the color axis is the output voltage of the array
expressed in dBmV.

To increase the sensitivity of the camera, an instrumentation
amplifier board (AD 620 [11]) shown in Fig. 9 (a) was added to
the system. With the amplifier, the minimum detectable E field
is decreased to 10-18 V/m in the frequency range from 8 to 12
GHz, as shown in Fig. 9 (b).

The frame rate of the camera is also measured. The signal at
the output of the amplifier has a period of about 84 ms (Fig. 10),
which corresponds to 12 frames per second.

To test and evaluate the performance of the real time camera,
we let the image keep refreshing, while rotating the direction of
the antenna quickly. The position of the hot spot on the screen
moves with the movement of the antenna. Although the video of
the test cannot be presented in the paper, two examples are
shown in Fig. 11 (a) and (b) where the source antenna points to
the left and right sides of the array, respectively. The hot spot
locations correspond to the direction to the antenna and moves
simultaneously with it.
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Fig. 13. Measurement setup for imaging. The distance between the antenna
and the array is 60 cm. Image is recorded with and without the lens.
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Fig. 14. Measurement results (Unit: dB mV). (a) Without the lens. (b) With
the lens.
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C. Focusing and Imaging

As the sensor outputs only the magnitude of the signals, the
SAR (mathematical) focusing is not possible, and a separate
focusing system is required. A physical lens or microwave
holography [12] can be utilized for imaging. Here we chose to
use a physical lens - the Fresnel zone plate, as shown in Fig. 12.
The zone plate is designed to work at a frequency of 10 GHz and
is made of aluminum foil. The radius for each layer for the half-
wave zone is calculated by the equation [13]:
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where A is the operating wavelength, F is the focal length, and

1, are the radii of the layers. The focal length of the designed
plate is 10 cm, and the aperture is 40 cm.

The imaging procedure is tested in the measurement setup as
shown in Fig. 13. The antenna fed by an RF generator (at 20
dBm output power) is placed 60 cm away from the array. The
location of the lens for imaging is given by the Gaussian lens
formula:

1 1 4 1 "
F L L, )
where F, L,, L, are the focal length, object distance and image
distance respectively. For the 60 cm distance between the source
and the sensor, the distance from the sensor to the lens is 13 cm.
The output produced by the sensor is recorded with and without
the lens.

The measurement results are shown in Fig. 14. In Fig. 14 (a)
the output without the lens is produced. As the antenna is placed
far away from the array (compared to the tests in sec. IIl A and
B), the output of the sensor is mostly noise around the 30 dBmV
mean value (at a 60 cm distance the field produced by the
antenna is nearly uniform withing the aperture of the sensor and
the image contains mostly the measurement noise). After adding
the lens, the image of the antenna is focused on the array plane,
as shown in Fig. 14 (b). A clear 41 dBmV spot in the middle of
the sensor corresponding to the source antenna placed at the axis
of the imaging system can be seen.

IV. CONCLUSION

In the paper, we proposed a real-time microwave camera for
the EMI source imaging. A prototype 8 x 8 array working in the
X-band is designed and presented. Zero-bias diode detectors are
utilized, and low frequency multiplexers are used for switching
the detector outputs, thus reducing the complexity and cost of
the array. The performance of the antenna, the detector circuit,
and the array are characterized separately. The sensitivity of the
array is estimated at a 10-18 V/m level. The frame rate of the
array is about 12 Hz, which can be considered real-time. To
focus and imaging radiation source, a Fresnel zone plate is
proposed and designed. The measurement results demonstrate a
successful imaging of a single point source.

The future work of the proposed real-time camera includes
building a larger and practical array, mitigating the coupling
between the adjacent elements, and applying the system to
realistic DUTs for EMI source imaging.
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