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SUMMARY A thin electromagnetic band-gap (EBG) absorber is em-

ployed to capture the 2-d image of radio-frequency (RF) power distribution.

The EBG absorber consists of an array of mushroom unit cells formed on a

thin dielectric substrate with a metal backplane, and lumped resistors inter-

connecting the surface patches of the mushrooms. Around the resonance

frequency at which the EBG structure acts as a high-impedance surface,

the RF power incident on the surface is absorbed by the lumped resistors

which are matched with the incident wave impedance. By detecting di-

rectly the amounts of power consumed by the individual resistors, an “RF

power imager” can be constructed which captures the 2-d distribution of the

RF power illuminating the EBG surface, where polarization discrimination

is possible. The resonance (i.e., absorption) frequency is made tunable by

adding varactor diodes in parallel with the lumped resistors. The EBG ab-

sorber tunable in the frequency range of 700 MHz–2.7 GHz is designed and

fabricated, and its performance is evaluated by an equivalent-circuit anal-

ysis, simulation and measurement. It is shown that the small resistance of

the varactors have a considerable effect on the absorption performance. RF

power distributions radiated from a dipole antenna are successfully mea-

sured by a matrix of sensitive power detectors installed on the backside

of the absorber. Using such an RF power imager, the power distributions

of even impulsive RF signals and/or noises can be captured and visualized

in situ and in real-time, while the electromagnetic environment is almost

undisturbed by the EBG absorber.
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1. Introduction

In-situ monitoring of the spatial distributions of a radio-

frequency (RF) field gives us information useful for local-

izing and identifying RF noise sources in electronic equip-

ment under actual operating conditions, as well as for eval-

uating the performance of antennas mounted on wireless

communication devices used in real environments. Conven-

tionally, the spatial distributions of the RF field have been

measured by antenna positioners, which mechanically scan

a volume of interest with a single sensor or a sensor array.

As the scanning takes a certain time to complete, it is gener-

ally difficult to obtain “snapshots” of the 2-d or 3-d spatial

field distributions, particularly for impulsive signals and/or

noises showing up for a brief instant much shorter than the

scanning time. A further concern is that the sensor itself

may disturb the actual electromagnetic environment during
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measurement.

Recently, a couple of new “RF field imaging” tech-

niques were proposed. A “live electro-optic imaging” sys-

tem was developed to take a video image of electric near-

field distributions at microwave frequencies [1]. This sys-

tem used a sensing light beam modulated by an electro-

optic (EO) crystal plate with the electric near-fields ap-

plied. The spatial pattern of EO modulation were detected

by a 2-d photo-detector array, which down-converted the

frequency of modulation with a ultra-parallel photonic het-

erodyne. While keeping the electromagnetic environment

undisturbed, the patterns of electric near-fields of up to a

few tens of GHz were lively displayed at a rate as high as 30

frames/second, as a 2-d image with 100 × 100 pixels. How-

ever, the imageable area of the system was limited to just

a few centimeters square, and the sensitivity was not high;

the minimum detectable RF power input to a microstrip line

placed in the vicinity (0.3 mm) of the EO plate was about

−1 dBm. On the other hand, an infrared thermography tech-

nique was used to obtain the image of the RF power distri-

bution illuminating a wave-absorbing screen [2], where the

heat distribution generated by the absorbed RF power was

detected. However, high RF power was required to obtain

the detectable increase in temperature; even by enhancing

the temperature distribution with a lock-in amplifier, it took

a couple of minutes to obtain an RF power distribution im-

age over a several centimeters square area illuminated by a

microwave transmitter of several hundreds of mW [3].

In the present study we propose a novel technique to

capture a live image of RF power distributions incident on

an “EBG absorber,” which is a thin electromagnetic ab-

sorber based on an electromagnetic band-gap (EBG) struc-

ture. So far a variety of thin electromagnetic absorbers were

designed based on the artificial high-impedance surfaces

such as frequency-selective surfaces (FSS) and metamaterial

surfaces [4]–[26]. Here the so-called mushroom-type EBG

structure is used as the high-impedance surface, which has

an array of metallic patches connected to the ground plane

by thin vias [27]. When the patches on the surface are in-

terconnected by “lumped resistors” (matched with the free

space impedance of 377Ω), the incident RF power is ab-

sorbed by them at the resonance frequency where the EBG

structure exhibits a high-impedance feature [9], [10], [13],

[21]. We propose to directly measure the power consumed

by each of the lumped resistors, which is equivalent to the

amount of incident RF power absorbed by that resistor. As

Copyright c© 2011 The Institute of Electronics, Information and Communication Engineers
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the resistors are arranged in a 2-d matrix, the 2-d distribution

of the RF power incident and absorbed on the mushroom

surface can be obtained. Since the EBG absorber has in-

herently a narrow-band absorption feature at the resonance

frequency determined by the EBG structure, such an “RF

power imager” has a narrow-band frequency response. To

extend the measurable frequency range, the resonance fre-

quency is made electronically tunable by additional varactor

diodes as in [12], [16], [23], [28]. In the present study a 347-

mm square EBG absorber has been designed and fabricated

to cover the absorbing frequency range from 700 MHz up to

2.7 GHz. Power distributions are detected at 8 × 8 locations

on the absorber, at each of which two RF power detectors are

placed to measure two orthogonal polarizations. By using

the sensitive RF power detectors, the minimum detectable

power of −70 dBm is achieved. The measured power dis-

tributions are transferred to a PC and reconstructed as real-

time 2-d power images at a rate of 30 images/second. The

frequency range (700 MHz–2.7 GHz) covered by the devel-

oped imager includes the multiple frequency bands for mo-

bile phones (800 MHz–2 GHz) and ISM applications (2.4–

2.5 GHz) such as wireless LAN systems. By using the im-

ager we can expect to visualize the RF power distributions

transmitted from these portable wireless devices used in real

environments. The imager could also be applied to identify-

ing RF noise sources on printed circuit boards operating at

such high frequencies.

The rest of the paper is organized as follows. In Sect. 2

we describe the basic principle of RF power measurement

by an EBG absorber. Section 3 gives the design and perfor-

mance of the EBG absorber fabricated in the present study,

on the basis of an equivalent circuit analysis, simulation,

and measurement. Then in Sect. 4 we evaluate the measure-

ment results of RF power distributions radiated by a stan-

dard dipole antenna. Section 5 gives a conclusion.

2. Principle of RF Power Measurement by an EBG Ab-

sorber

2.1 A Thin Absorber Based on an EBG Structure

Here we construct a thin electromagnetic absorber, by plac-

ing lumped resistors on the surface of a mushroom-type

EBG structure, as shown in Fig. 1 [9], [10], [13], [21]. The

mushroom structure is typically characterized by a periodic

array of metal patches, connected to the ground plane by

vertical conducting vias through a dielectric thin layer [27].

Lumped resistors are inserted between adjacent patches.

The size of each patch, the gap between the patches, and

the period of the structure are expressed as w, g and a, re-

spectively. The cross-sectional view of the mushroom struc-

ture and its simplified equivalent circuit are shown in Fig. 2.

When the size of a unit cell is electrically small (i.e., a ≪ λ),
the structure is nearly isotropic and can be treated by an ef-

fective medium model [27]. For an electromagnetic wave

at normal incidence, the surface impedance of the mush-

room structure is then represented as a parallel connection

Fig. 1 Geometrical structure of an EBG absorber.

Fig. 2 Simplified model of an EBG absorber.

of the grid impedance of the patch array and the surface

impedance of the grounded dielectric slab (cf. [22]), which

is more simply approximated as a parallel circuit of the ef-

fective inductance L and the effective capacitance C [27].

The high-impedance property is realized at the resonance

frequency, where the mushroom layer behaves like an artifi-

cial magnetic conductor.

When we insert the lumped resistors R between the ad-

jacent patches, the whole structure is considered as an LCR

parallel circuit. For an electromagnetic wave at normal inci-

dence, the reflection coefficient is calculated as

Γ =
Zs − η0

Zs + η0

, (1)

where η0 = 377Ω is the incident wave impedance. At the

resonance frequency ωr = 1/
√

LC, the surface impedance

Zs becomes purely resistive R. If we take the value of the

lumped resistors R = 377Ω, then Γ = 0 and the incident

electromagnetic wave should be completely absorbed. The

typical frequency variation of the power reflection coeffi-

cient, |Γ|2, of the EBG absorber is schematically drawn by

the solid line in Fig. 3, for the case of the resonance fre-

quency of 1 GHz. The bandwidth of low reflection (high ab-

sorption) becomes inherently narrow around the resonance

frequency (cf. [22]). The broken line in Fig. 3 plots the

power absorption coefficient, |A|2 = 1 − |Γ|2, which exhibits

a band-pass-filter feature.

2.2 Detection of Absorbed Power Distribution

On the thin EBG absorber depicted in Fig. 1, the incident
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Fig. 3 Typical reflection and absorption characteristics of an EBG

absorber.

Fig. 4 RF power absorbed by lumped resistors.

wave power is absorbed and dissipated in the surface resis-

tors, when there is no loss in the substrate. For a 2-d matrix

of resistors interconnecting the square patches on the sur-

face, the amount of power absorbed by each resistor depends

on incident polarizations. Figure 4 shows a part of the EBG

surface, where the resistors connecting the adjacent patches

in the x- and y-directions are represented as Rx and Ry, re-

spectively. When an RF wave with its electric field (E-field)

linearly polarized in the x-axis is normally incident on the

surface, its power is absorbed by the resistors Rx. Similarly,

a y-polarization is absorbed by Ry. In either case, when the

gap g between the patches is much smaller than the cell peri-

odicity a, the power absorbed by each resistor is considered

to be P = S a2|A|2, where S is the Poynting flux of the inci-

dent wave, and a2 is the area of a unit cell (equivalently the

receiving cross section) as indicated by the dotted squares

in Fig. 4. When the E-field polarization at normal incidence

makes an angle φ from the x-axis, its power is divided into

Px and Py, which are absorbed by Rx and Ry, respectively,

as

Px = S a2|A|2 cos2 φ, Py = S a2|A|2 sin2 φ . (2)

Thus, each of the resistors on the surface absorbs the

amount of power incident on the local area around it. If we

measure the power consumption on the individual resistors,

we are able to measure the 2-d power distribution of the RF

wave illuminating the EBG surface, as well as to identify

its polarization. As shown in Fig. 5, power detectors are put

on the backside of the EBG absorber, to detect the amounts

of power consumed by the individual surface resistors. In

this case the power detectors should not alter the surface

impedance of the EBG absorber. How to implement such a

Fig. 5 Detection of RF power absorbed by lumped resistors.

Fig. 6 EBG absorber model with tunable varactor diodes.

power detecting circuit will be described later in Sect. 4.1.

2.3 Controlling the Absorption Frequency

As explained in Sect. 2.1, the resonance (absorption) fre-

quency of the EBG absorber is determined by the geometri-

cal and constitutional parameters of the EBG absorber [22],

[27]. One of the techniques to make the resonance fre-

quency tunable is to use varactor diodes (varactors). Here

we insert a varactor in parallel with each of the surface re-

sistors, thereby altering the capacitance component of the

mushroom structure, in the same manner designed by [28]:

The varactors are oriented in opposite directions in each al-

ternate row as well as in each alternate column of the matrix

of mushrooms. Reverse biases VR are supplied to all the var-

actors by alternately biasing half of the cells, and grounding

the other half in a checkerboard pattern (see Fig. 3 of [28]).

A separate biasing circuit is placed on the backside of the

ground plane, as illustrated in the left of Fig. 6, where the

capacitor CB grounds the foot of the biasing via at RF fre-

quencies. As shown by the equivalent circuit in the same

figure, the capacitance of the varactor CD in parallel with

the LCR circuit alters the resonance frequency to be

ωr,tuned = 1/
√

L(C +CD) . (3)

Thus, by applying appropriate bias voltages to the varactors,

we can control the frequency of RF power absorption and

detection.
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3. Design and Performance of an EBG Absorber

3.1 Design

An EBG absorber was designed and fabricated, which has

33 × 33 square unit cells formed on an FR-4 substrate of

347 mm square and 1.6 mm thick. The structure of each unit

cell is shown in Fig. 7. The size of a patch is w = 10 mm

and the gap between the adjacent patches is g = 0.5 mm,

so that the cell periodicity is a = 10.5 mm. The via diam-

eter is 0.6 mm. The patches, the vias and the ground plane

are made of copper. The relative permittivity of the FR-

4 substrate used here was measured as εr = ε
′
r − jε′′r =

4.56 − j0.105 (tan δ = 0.023).

Lumped resistors and varactor diodes were soldered in

parallel between the adjacent patches as in Fig. 7. To achieve

good absorption, the surface resistance Rs of the absorber

should become as close as possible to η0 = 377Ω at the

resonance frequency. It is noted that for the present EBG

absorber the value of the lumped resistors R was chosen as

620Ω, not simply 377Ω. This is because, as will be ex-

plained in detail in Sect. 3.2, Rs depends not only on the

dielectric loss [21], but also more significantly on the small

series resistance of the varactor [16]. The varactor used here

was the silicon tuning diode (Infineon, BB833) [30], which

had the actual capacitance range from 0.67 pF (when VR =

25 V) to 12 pF (0 V). To avoid an unnecessary DC current

flowing on the lumped resistors R due to the reverse bias

voltage VR applied on the varactors, we inserted a DC-cut

lumped capacitor of 1000 pF in series with each resistor.

3.2 Equivalent Circuit Analysis

Though the basic equivalent circuit of an EBG absorber has

been presented in Fig. 6, here we construct a more realis-

tic equivalent circuit of the EBG absorber as in Fig. 8(a),

which can accurately explain its absorption performance ob-

tained in the simulation in Sect. 3.4. The varactor is mod-

eled as a series LCR circuit, where CD is the variable ca-

pacitance, LD is the parasitic inductance, and RD is the se-

ries resistance [16]. According to the datasheet of the var-

actor BB833 (SOD323 package), typically LD = 1.8 nH

[30]. Due to the existence of the package capacitance, the

resistance RD is dependent on the variable capacitance CD

(i.e., on the reverse voltage VR). We estimated the value

of RD from the SPICE model and the S 11 measurement for

BB833 which were available from the manufacture site [30];

RD decreases from 2.2Ω to about 1.0Ω when VR increases

from 0 V to 25 V. The inclusion of such LD and RD signifi-

cantly alters the resonance frequency as well as the absorp-

tion performance of the EBG absorber [16]. Additionally,

LV = 0.371 nH and LR = 0.41 nH correspond to the lead

inductances of the varactor and the resistor, respectively,

when attached on the EBG unit cell. Another inductance

LM = 0.235 nH comes from the current on the patch surface

between the varactor and the resistor. The impedance of the

Fig. 7 The unit cell structure on the fabricated EBG absorber.

Fig. 8 Equivalent circuit models.

DC-cut capacitance in series with the resistor (see Fig. 7) is

so small at high frequencies that it is neglected here.

The effective inductance and capacitance of the mush-

room layer were also estimated from the simulation results

in Sect. 3.4, as L =1.86 nH and C =0.628 pF, respectively.

These values are consistent with, but not exactly the same

as, the theoretical values [22], [29]. The dielectric loss of

the substrate was represented as the loss resistance calcu-

lated by Rloss = 1/ωC tan δ, which gives Rloss = 11 kΩ and

5.5 kΩ at 1 GHz and 2 GHz, respectively.

When RD ≪ |ω(LD + LV ) − 1/ωCD|, R ≫ ωLM and

R ≫ ωLR, the circuit can be simplified as in Fig. 8(b), where

the diode inductance becomes L′
D
= LD + LV + LM , and the

lumped resistance is approximately replaced by

R′ ∼ R

{

1 − ω2(LD + LV + LM)CD

1 − ω2(LD + LV )CD

}2

. (4)

Then the admittance Ys of the circuit is written as,

Ys=
1

RD+ j
(

ωL′
D
− 1
ωCD

)+
1

R′
+

1

Rloss

+ jωC+
1

jωL
. (5)

At the parallel resonance, Im(Ys) = 0 and we have

ω4

ω2
1
ω2

2

−
⎛

⎜

⎜

⎜
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⎝

1

ω2
0

+
1

ω2
1

+
1

ω2
2

⎞

⎟

⎟

⎟

⎟

⎠

ω2 + 1 = 0, (6)

where ω0 ≡ 1/
√

LCD, ω1 ≡ 1/
√

L′
D

CD, and ω2 ≡ 1/
√

LC.
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In deriving Eq. (6) we have used the condition ω2C2
D

R2
D
≪

1. Solving Eq. (6) for ω specifies two resonance frequen-

cies, ωr1 andωr2 (ωr1 < ωr2), which are approximated when
(

ω2
1
+ ω2

2
+ ω2

3

)2
≫ 4ω2

1
ω2

2
, or roughly CD ≫ C for the

present case, as

ωr1 ∼
⎛

⎜

⎜

⎜

⎜

⎝

1

ω2
0

+
1

ω2
1

+
1

ω2
2

⎞

⎟

⎟

⎟

⎟

⎠

− 1
2

=

√

1

L(C+CD)+L′
D

CD

, (7)

ωr2 ∼
(

ω2
1+ω

2
2+ω

2
3

)
1
2
=

√

(

1

L
+

1

L′
D

)

1

C
+

1

L′
D

CD

, (8)

where ω3 ≡ 1/
√

L′
D

C. Note that the first resonance fre-

quency has been modified from Eq. (3) by the existence of

L′
D

, and the second resonance frequency has appeared. By

controlling the value of CD from 12 pF to 0.67 pF on the

present EBG absorber, the first resonance frequency ωr1 can

be varied from 700 MHz to 2.7 GHz, while the second res-

onance ωr2 from 6.23 to 6.85 GHz. (Note that for small CD

comparable to C = 0.628 pF, we need to use the exact solu-

tion to Eq. (6), instead of the approximate solution Eq. (7).)

In the present study we focus on the first resonance, since

the variable range of the second resonance frequency is un-

practically small.

At the first resonance the surface impedance becomes

purely resistive, Rs, as shown in Fig. 8(c),

Rs =
1

Ys

∣

∣

∣

∣

∣

ω=ωr1

=
1

1/Rr + 1/R′ + 1/Rloss

, (9)

where Rr is calculated at the first resonance, as

Rr =
L

CDRD

⎛

⎜

⎜

⎜

⎜

⎝

1 − ω2
r1
/ω2

1

1 − ω2
r1
/ω2

2

⎞

⎟

⎟

⎟

⎟

⎠

∼ L

CDRD

1 +C/CD

1 + L′
D
/L
. (10)

When CD ≫ C, ω2
r1
∼ 1/

(

L + L′
D

)

CD from Eq. (7), so

that Eq. (10) is further reduced to Rr ∼ ω2
r1

L2/RD; the re-

sistance becomes smaller at lower resonance frequencies.

In the present case, for example, when CD = 0.67 pF and

ωr1 = 2.7 GHz, RD = 1.0Ω gives Rr ∼ 2.2 kΩ. When

CD = 12 pF and ωr1 = 700 MHz, RD = 2.2Ω yields

Rr ∼ 32Ω. Thus, even a small series resistance RD of the

varactor is translated into a much larger resistance Rr [16].

For the matching condition to be satisfied (i.e., the good

absorption to be achieved) over the resonance frequency

range of interest, Rr > 377Ω should be maintained, since

both the dielectric loss Rloss and the lumped resistors R in-

serted in parallel with Rr reduce the resultant surface resis-

tance, Rs < Rr. Unfortunately for the present EBG absorber

Rr > 377Ω was achieved just above 1.9 GHz. In the present

study the value of lumped resistors R was chosen as 620Ω,

which gives Rs ∼ 377Ω at the resonance frequency around

2.62 GHz (when CD = 0.72 pF), from Eqs. (9) and (10).

3.3 Simulation Model

The absorption characteristics of the EBG absorber de-

scribed in Sect. 3.1 was also analyzed by the electromag-

netic simulation by using CST Microwave Studio commer-

cial software. A linearly polarized plane wave was incident

normally on the EBG surface. A square area containing four

unit cells of the absorber was modeled by defining the pe-

riodic boundary condition, which corresponds to simulating

infinitely extending periodic unit cells.

3.4 Measurement and Performance Evaluation

We measured the actual absorption performance of the fabri-

cated EBG absorber in an anechoic chamber, and compared

it with those obtained in the equivalent circuit analysis and

the simulation. Reflection loss measurements were carried

out using a vector network analyzer (Anritsu, 37297C) and

a double ridged waveguide horn antenna (ETS, 3115: 1–

18 GHz) which was placed 1.5 meters above the absorber.

A dielectric lens was inserted between the horn antenna

and the EBG absorber to ensure the measurement of re-

flection from the EBG absorber with the size of 347 mm

square which was not much larger than the wavelength. Fig-

ure 9 plots the measured profiles of reflection magnitude by

solid lines, while the profiles obtained in the equivalent cir-

cuit analysis and the simulation are plotted by broken and

gray lines, respectively. In either case four representative

profiles are plotted for the varactor capacitances fixed as

CD = 3.35 pF, 1.72 pF, 1.09 pF and 0.72 pF, which corre-

spond to the resonance frequencies of 1.3 GHz, 1.8 GHz,

2.2 GHz and 2.62 GHz, respectively. In the parentheses by

the capacitance values are indicated the varactor resistances

RD at the corresponding resonance frequencies.

For each of the capacitance values, the reflection pro-

file calculated by the equivalent circuit analysis agrees well

to that obtained in the simulation, which validates the equiv-

alent circuit in Fig. 8. On each curve, the absorption be-

comes maximum (the reflection becomes minimum) at the

resonance frequency determined by the value of CD. As

was described in Sect. 3.2, the amount of absorption be-

comes largest (S 11 ∼ −30 dB) at the resonance frequency

of 2.62 GHz for the case of CD = 0.72 pF, where the surface

resistance Rs of the EBG absorber becomes almost 377Ω

which matches the incident wave impedance. The maxi-

mum absorption becomes smaller when the resonance fre-

quency becomes lower, since the surface resistance Rs be-

Fig. 9 Reflection magnitudes of the fabricated EBG absorber.
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comes smaller than 377Ω so that the impedance mismatch

becomes larger (see Sect. 3.2); Rs = 291Ω, 197Ω and 97Ω

at ωr1/2π = 2.2 GHz, 1.8 GHz and 1.3 GHz, respectively.

The measured profiles (solid lines), on the other hand,

exhibit the maximum absorption at the resonance frequen-

cies consistent with the theoretical profiles obtained by the

equivalent circuit analysis and the simulation (broken and

gray lines). However, the amount of absorption was ob-

served to be less than the theoretical one at each resonance

frequency. This is likely caused by that, in the measurement

of the reflection profiles, the time gate used by the vector

network analyzer to extract the reflected waves was too short

(3.3 nsec) to obtain the prominent absorption peaks at the

resonance frequencies.

As mentioned in Sect. 3.2, to achieve the sufficient ab-

sorption over a certain range of resonance frequencies, the

equivalent resistance Rr of the varactor must be at least

greater than 377Ω. From Eq. (10), one way to make it so

is to adopt the varactor with the resistance RD as small as

possible. The second way is to reduce the varactor capaci-

tance CD, but it is difficult to make it smaller than a fraction

of pF because of the existence of the stray capacitance of

a varactor chip package. Last but not least, it is possible

to increase the inductance of the EBG structure L, which is

theoretically proportional to the thickness of the substrate.

Since the resonance frequency is determined by CD and L,

appropriate values should be carefully chosen in the design

of the tunable EBG absorber.

4. Measurement Results of RF Power Distributions

4.1 RF Power Imager with an EBG Absorber

Figure 10 shows a block diagram of the RF power imager

developed in the present study. As explained in Sect. 2.2,

the RF power distribution incident on the surface was de-

tected by an array of power detectors placed on the back-

side of the EBG absorber. A total of 128 power detectors

were almost uniformly distributed over the absorber; half of

them (64 detectors) were arranged in a 8×8 matrix to mea-

sure the x-polarization, while the other half (64 detectors)

were also in a 8×8 matrix for the y-polarization. A logarith-

mic detector (Analog Devices, ADL5513) was used as the

Fig. 10 RF power imager.

power detector, which had the measurable input power range

from −70 dBm to +10 dBm. The frequency bandwidth of

ADL5513 was from 1 MHz to 4 GHz, which covered the

first resonance frequency range of the fabricated EBG ab-

sorber (700 MHz–2.7 GHz). The differential input of each

ADL5513 on the backside was connected to the face-to-face

sides of two adjacent patches on the surface with vias as in

Fig. 5. In fact, the impedance of each power detector as seen

from the sides of the surface patches was adjusted to be al-

most 620Ω, so that the lumped resistor (620Ω) was com-

pletely replaced by the power detector at each of the power

detection points.

The detected RF power distribution was then A/D-

converted and transferred to a PC, and displayed as a 2-d

color-map image on its screen. The PC also specified the

bias voltage to be supplied to the varactor diodes on the EBG

absorber, thereby controlling the resonance (absorption) fre-

quency. The rate of updating the power distribution images

was set as about 30 images/second.

4.2 Tuning of Resonance Frequencies

By using the RF power imager described in Sect. 4.1, RF

power distributions radiated from an antenna were measured

and evaluated. The experimental setup is shown in Fig. 11.

Radio waves (0 dBm) were transmitted from a standard half-

wavelength dipole antenna (Anritsu, MP651B: 470 MHz–

1.7 GHz) with a horizontal polarization (in the x-direction)

in an anechoic chamber. The radio waves were then ab-

sorbed by the EBG absorber put on a vertical plane (the x-y

plane) at a distance d from the transmitter (TX). The ab-

sorbed power distributions were measured by the power de-

tectors for horizontal polarization (Px), since in this config-

uration the absorption mainly occurs by the horizontal resis-

tors Rx (see Fig. 4). The center of the EBG surface is taken

as the coordinate origin.

While the transmitted frequency was fixed, the bias

voltage applied to the varactors was swept so that the reso-

nance frequency of the EBG absorber was varied. Figure 12

shows the amount of power absorbed and measured almost

at the center of the EBG absorber, which corresponded to

the case of almost normal incidence. The horizontal axis

shows the bias voltage which was almost proportional to

Fig. 11 Measurement of RF power radiated from a dipole antenna.
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Fig. 12 RF power measured by the RF power imager.

the resonance frequency; as indicated in the figure, the bias

voltages of 0.2, 2, 4 and 6 V corresponded to the resonance

frequencies of 0.7, 1.0, 1.3 and 1.6 GHz (the varactor ca-

pacitance values were 12, 6.8, 4.2 and 2.6 pF), respectively.

Three continuous thick curves spanning over the entire bias

voltage range show the theoretically expected amounts of

the absorbed power (i.e., the power incident and absorbed

on the area of a2; see Eq. (2)), P = Pd |A|2, where Pd =

PtGaa2/4πd2, Pt = 1 mW (0 dBm) is the transmitted power,

and Ga = 1.64 is the gain of the dipole. In calculating the

power absorption coefficient |A|2 = 1− |(Zs −η0)/(Zs +η0)|2,

the surface impedance Zs was evaluated by the equivalent

circuit analysis in Sect. 3.2, for the case of the transmitted

frequency equal to the resonance frequency. Solid, bro-

ken and gray lines are for the cases that the distances be-

tween the transmitter and the EBG absorber are d = 10, 30

and 50 cm, respectively. The absorption decreases with in-

creasing distance, according to the radiated power density

decreasing with d−2 (here we used the far-field approxima-

tion). At each distance, the amount of absorption becomes

smaller as the voltage (so the resonance frequency) becomes

lower, because of the increase in mismatch between the

EBG surface impedance and the incident wave impedance

(see Sect. 3.2). On the other hand, twelve isolated thin

curves in Fig. 12 represent the measured (absorbed) power

profiles at the three distances when the four fixed frequen-

cies, 0.7, 1.0, 1.3 and 1.6 GHz, were transmitted indepen-

dently of each other. Each of these curves takes a maximum

at the resonance frequency specified by the bias voltage be-

ing equal to the transmitted frequency. Thus the frequency

of unknown radio sources are estimated by sweeping the

bias voltage. The amount of measured power at each maxi-

mum is consistent with the corresponding theoretical value,

which validates the power detection principle proposed in

the present study. The small errors of 1–2 dB are considered

to be caused by the standing waves between the transmitter

and the EBG absorber, which were possibly created due to

imperfect absorption on the EBG absorber.

4.3 Measurement of Spatial Distributions

Figure 13 presents the RF power distributions measured by

the power detectors for horizontal polarization (Px) on the

Fig. 13 RF power distributions measured by the RF power imager.

EBG absorber, which was tuned to the transmitted frequen-

cies. Figures (a) and (b) show the 1.0 GHz power profiles

of horizontal polarization along the x- and y-axes, Px(x) and

Px(y), while (c) and (d) are the 1.6 GHz profiles. In each

figure the theoretical profiles at the distances of 10, 30 and

50 cm from the transmitter are represented by solid, broken

and gray lines, respectively. Here the theoretical profiles

were calculated as follows. A far-field spherical wave ra-

diated by the dipole antenna is approximated as obliquely

incident plane waves on the EBG surface. More rigorous

treatment requires an evaluation of the spherical wave in-

cidence to the EBG surface, which is beyond the scope of

the present paper. In the configuration shown in Fig. 11, the

TM- and TE-mode power profiles which is incident on the x-

and y-axes on the EBG surface and measured by the power

detectors are expressed respectively as,

PTM(x) = Pd cos3 θx D2
x(θx) |ATM|2, (11)

PTE(y) = Pd cos3 θy D2
y(θy) |ATE|2, (12)

where Dx(θx) = cos{(π/2) sin θx}/ cos θx and Dy(θy) = 1 rep-

resent the directivities of the dipole, and θx and θy are the

angles of incidence onto the x- and y-axes, respectively (see

Fig. 11). The power absorption coefficients for the TM- and

TE-modes are calculated as

|ATM|2 = 1 − |ΓTM(θx)|2 = 1 −
∣

∣

∣

∣

∣

Zs − η0 cos θx

Zs + η0 cos θx

∣

∣

∣

∣

∣

2

, (13)

|ATE |2 = 1 − |ΓTE(θy)|2 = 1 −
∣

∣

∣

∣

∣

∣

Zs cos θy − η0

Zs cos θy + η0

∣

∣

∣

∣

∣

∣

2

, (14)

where ΓTM and ΓTE are the reflection coefficients for the

TM- and TE-mode plane waves, respectively.

In Fig. 13 the measured values are plotted by black cir-

cles, triangles and squares for the distances of 10, 30 and

50 cm, respectively. The measured values are consistent
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with those predicted by theory, even at the closest distance

(d =10 cm) where the far-field approximation may not be

sufficiently valid; d > λ/2π(=4.8 cm at 1 GHz) holds, but

not d >> λ/2π. Small variations (up to a few dB) observed

on each profile are again possibly caused by the standing

waves due to imperfect absorption on the EBG absorber.

Thus the RF power distributions incident on the EBG

absorber can be measured by the RF power imager. As

the sensor scanning is not necessary, snapshots of the RF

distributions can be obtained, even for impulsive RF sig-

nals and/or noises. The minimum detectable RF power is

as low as −70 dBm. Since the power distribution absorbed

on the EBG surface is detected, this imager is expected to

cause little disturbance to the ambient electromagnetic en-

vironment during measurement, when good absorption is

achieved at the distances where the far-field approximation

is valid. Nevertheless it would be difficult to completely

absorb the obliquely incident TM and TE waves, as their

wave impedance depends on angles of incidence. Further-

more the oblique incidence may change the resonance (ab-

sorption) frequency of the EBG structure [6]. Use of a high-

permittivity substrate will mitigate to some extent such an

effect [22]. Another feature of the RF power imager is that,

though no results were presented here, the incident polar-

izations (vertical and horizontal) are easily distinguished by

evaluating the amounts of power measured by the vertical

and horizontal power detectors.

From the viewpoint of RF power “imaging,” the spatial

resolution of power distribution measurement is also impor-

tant. As described in Sect. 4.1, the RF power imager devel-

oped in the present study had 64 (=8×8) power detectors for

each polarization. They were uniformly distributed in a ma-

trix over the 347-mm square EBG absorber having 33×33

cells; the power detectors were placed at every four mush-

room cells in each of x- and y-directions, so that the spa-

tial resolution of the imager was 42 mm (four times the cell

size of 10.5 mm). Since we detect the amounts of power ab-

sorbed by the individual resistors interconnecting the mush-

room cells, the highest resolution of 10.5 mm (equal to the

cell size) will be achieved by using the present EBG ab-

sorber, if the power detectors are installed at every mush-

room cell. This resolution is much smaller than the wave-

lengths covered (43 cm and 11 cm at 700 MHz and 2.7 GHz,

respectively), so that even spatial fading patterns created

by the interference between two or more incident waves

could be clearly visualized. Further higher-resolution imag-

ing may be possible if the cell size is made smaller in the

future study. It should be noted, however, that the power de-

tection sensitivity will be degraded because less power will

be absorbed by the smaller cell (see Eq. (2)).

5. Conclusion

A technique to measure RF power distributions by using

an EBG absorber was proposed and evaluated. An EBG

absorber was designed and fabricated, where the lumped

resistors interconnecting the mushroom cells absorb the

RF waves incident on the EBG surface at the resonance

frequency, which is made tunable with varactor diodes

(700 MHz–2.7 GHz). The absorption performance was ex-

amined by equivalent circuit analysis, simulations and mea-

surements. It was shown that the existence of even a

small varactor resistance significantly degraded the absorp-

tion performance especially at low frequencies. A matrix of

power detectors were attached on the EBG absorber, to mea-

sure directly the RF power distribution (as low as −70 dBm)

absorbed by the lumped resistors. The measured absorbed

RF power distributions were found to be consistent with

those expected by theory. Thus the proposed technique to

measure the RF power distributions was validated.

Using the developed “RF power imager,” the snapshots

of even impulsive RF signal and/or noise power distributions

can be captured and visualized in situ and in real-time, while

the electromagnetic environment is virtually undisturbed by

the EBG absorber. The polarization discrimination is also

possible. Such a system is expected to be quite useful for

measuring RF power distributions in various scenarios in the

fields of EMC, antennas and propagation.
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