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Abstract

We report on the theory of operation and the experimental

results obtained from an electric field imaging system that

employs the method of modulated scattering. The system is

low cost and is capable of mapping the normal and tangential

electric field magnitude and electrical phase delay at each posi-

tion within 5 km above a microwave circuit in the frequency

range of 0.5 GHz to 18 GHz. The electric field probes are fabri-

cated on a very thin quartz substrate. The measured images of

the normal and tangential electric fields over microstrip and

coplanar waveguide transmission lines are presented and agree

well with theory.

Introduction

Both active and passive probes yield important S-parameters

necessary for circuit design but fail to describe the internal

operation of devices contained within a MMIC. The mapping

of the electromagnetic fields above a MMIC can be of great

importance in detecting field magnitudes, electric field direc-

tion, phase information, substrate modes, circuit radiation, and

device to device interactions, Currently, electromagnetic field

mapping is possible with electro-optic sampling[ 1]-[4], photo-

emission sampling [5], electron-beam sampling [6], scanning

force microscopy [7]-[9] and modulated scattering [10] -[15].

The first three methods are generally time domain methods

while the latter two techniques are frequency domain methods.

The modulated scattering technique was developed by several

groups in 1955 (Richmond [10], Cullen et al. [11] and Justice et

al. [12]). A small dipole with a diode mounted at the center of

the dipole arms is placed in the near field of an antenna or cir-

cuit of interest. By modulating the bias of the diode at a fre-

quency much lower than the radio frequency (RF), a modulated

scattered RF signal would return to the transmitter [10]. The

strength and phase of this modulated signal is directly propor-

tional to the electric field intercepted at the position of the

dipole probe [10].

Ziircher expanded this technique to probe the tangential near

fields over microstrip circuits (patch antennas and hybrid cou-

plers) at frequencies centered around 1.8 GHz [13]. However,

he used relatively large probes (9 mm) which limited his spatial
resolution [14]. In this paper a coaxial modulated scattering

experiment which is optimized for high frequency operation

using miniature probe scatterers is presented. The system can
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be used to simultaneously detect normaf and tangential electric

fields and the net electrical phase delay within a microwave cir-

cuit and is extremely useful for MMIC diagnostics. The system

currently works from 0.5 GHz to 18 GHz and can easily be

extended for operation below 0.5 GHz and up to 60 GHz using

a coaxially based system.

Experiment

A dipole and a monopole of approximately l/20th of the small-

est operating RF wavelength of the microwave circuit under test

are used as modulating scatterers. A low resistance, low capac-

itance diode is mounted on a transmission line that directly

feeds the scattering antenna. As the probe containing these

scatterers moves across the device under test (DUT), a scattered

reflected and transmitted signal is detected by a quadrature

mixer. Figure 1 displays the near field detection experiment.
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Figure 1. The monolithic microwave integrated circuit electric field imaging
experiment using the technique of modulated scattering.

To detect the scattered reflected signaf at the input port, the

reflected signal is diverted to a wideband homodyne quadrature

mixer Eiy a wideband circulator. The in-phase and quadrature

signals are then detected with a lock-in amplifier. Through the

use of an absorptive RF switch, the transmitted signal magni-

tude and phase can also be detected from any number output

ports. The scattering probes are mounted on a computer con-

trolled submicron translational stage. By ‘scanning the probe

over a region of interest in close proximity to the DUT, a com-

plete two dimensional electric field magnitude image and net

electrical phase delay image is collected and stored on the com-
puter. Proximity of the dipole or monopole with the DUT and

size of the dipole or monopole also determines the electric field

resolution of the probe and the strength of the interaction.
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Figure 2 shows the design of the dipole and monopole scatter-

ers. The probes are fabricated on 125 Lm thick low loss quartz

(Dynasil 4000 from Accumet). Chrome resistive bias lines are

used to absorb any RF fields that may propagate along the bias

lines and also serve as current limiters to protect the diodes.

These lines have a typical resistance of 100 f2/mm. Commer-

cially available low cost diodes are then silver epoxied between

the dipole arms. For the monopole scatterer, two diodes are

placed between the CPW ground planes and the center conduc-

tor. The diodes used are beam lead Metelics Corporation low

barrier Schottky diodes (component #MSS30-154 B 10 and

B20) and the modulated bias current is between O mA and

3 mA. The diode has a 3 Q series resistance, 0.25 pF junction

capacitance and a 240 GHz cutoff frequency. These diodes are

expected to operate up to 60 GHz without encountering any

problems with parasitic. The probes are fabricated using stan-

dard photolithographic techniques with 1.0 pm thick gold. The

monopole and dipole arms are both 100 ~m long and it was

found that these probes have 40 dB dynamic range.
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Figure 2. The near field scattering probes. The dipole probe is used for
scattering the tangential electric field, and the monopole probe is used for
scattering the electric field normal to the MMIC under test.

Theory of Operation

All numerical subscripts for losses and electrical phase delays

in this section refer to the numbered points labeled in figure 1.

The DUT is chosen to lie in the x-y plane at a height of z=O. If

the height of the probe above the DUT is much smaller than a

free space wavelength, then we can neglect the phase shift

dependence on z. In addition if the height of the probe is con-

stant across the circuit, the phase delay’s dependence on z is

constant over the entire circuit. The scattered field at the point

(x,y,z) will be directly related to the true electric field through

the following relationship [10]: E$(x,y,z) = A(x,y,z,) E(x,Y,z).

The form of the outputs of the quadrature mixer of the

modulated signal from the input port is given by:

I, = L21L42LML (x, Y)A (x, Y, Z) sin(oo–~i(x, Y) – II, (x, Y) )
r

Q,= L21L&L, (% Y) A (x> Y, z) cos (Oo–aj (x, y) – a, (x> y))
(J3Q 1)

Where @O+65-$21-(b4Z-m~ is the sum of the electrical phase

delays of the RF signal between the numbered points from fig-

ure 1 including a phase delay, cxs,of the scattered signal. For a

specific operating frequency, L21 and L42 are the losses of the RF

signal between the numbered points from figure 1. The quadra-

ture mixer conversion loss is given by L~ and L,(x,y) is the posi-

tionally dependent loss the scattered signal encounters when

traveling from the probe to the input port of the DUT. The

positionally dependent electrical phase delays of the electric

field at the point of interest with point 2 being the reference

plane are given by tii(x,y) and c$.(x,y) Where ai(x,y) is input

electric phase delay the signal experiences in traveling from

point 2 to the probe and a~x,y) is the reflected electric phase

delay the signrd experiences in traveling from the probe to

point 2. For the case of a reciprocal circuit, ~i(x,y)=a~x,y).

‘Because all loss terms outside of the DUT and the mixer con-

version loss are frequency dependent, they must be calibrated

from the measurements before an electric field magnitude at

one frequency can be related to the electric field magnitude at

another frequency. Thk is achieved through S-parameter mea-

surements of the system and through mixer conversion loss

measurements. The magnitude of the scattered electric field

Fintercepted by the probe is given by: E$ (.x, Y, Z) cc Z + Q
The final result from the amplitude measurements yield

E,, (x, Y, Z) cc L, (x, Y) A (x, Y, z) for the reflected sign~ aud

E~t (x, y, z) cc Lf (x, y) A (x, y, z) for the transmitted signal.

Next, the net electrical phase delay at point (x,y) on the DUT

can be determined by taking the inverse tangent of the I and Q

channels. If a single moded region of constant phase is chosen

as a reference point such as a cross section along a 50 Q micros-

trip or coplanar waveguide transmission line at the input or out-

put of the DUT, the phase delays due to the rest of the

experiment can be subtracted from the argument of the signal.

After such a calibration, we have the following electrical phase

delay information for the reflected signal: cti (x, y) + IX. (x, y) ,

and for the transmitted signal: ~i (x, y) + ~1 (x, Y). If the

device under test is reciprocal and hnear then ~i(x,y)=~r(x,y).

Measurements

50 f2 Microstrip Transmission Line

At first, the validity of the experimental measurements are veri-

fied using a two inch long straight section of 50 Q microstrip on

RT/Duroidm 5880 (%=2.2, h=O.015”). A monopole probe is

scanned over the same microstrip line with three different SMA

terminations at 9 GHz (open, short, 50 S2 load). Figure 3a and

figure 3b display the raw data collected from the in-phase signal

and the quadrature signal of the 50 Q microstrip with a matched

load termination. Note how the peaks of the quadrature signal

are spaced every 6500 Lm. This corresponds exactly to a spac-

ing of &@4 at 9 GHz. If the rnicrostrip is Iossless and recipro-

cal, and if the probe moves along a line parallel to the’

microstrip line, then ~i = CXP. The forms for the in-phase and

quadrature signals from equation (1) reduce to:

‘r=~(xy,z)sin($.-z(%))

Qr=~(xy’’’Os(@(&))&))
where the positionally invariant nhases have

(EQ 2)

been combined,
into the term $., the positionally invariant losses and position-

ally varying reflected signal have been combined into the term

l?(x,y,z), and the positionally varying phase term (~i+~r)=2(2 z

Z/L&). The equations predict that the maxima and minima

along a transmission line for the in-phase and quadrature sig-

nals are separated by a distance Lef14 as can be seen from fig-

ure 3a and figure 3b.
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The final validation is to check the phase variation of the signals
RawData

along the microstrip line. The phase for a transmission line

with a matched load will vary linearly with position and this is

~ clearly seen from the measurements (Fig. 3d). The measured
e,0 phase cycles by 21Cevery 13,000 pm which is &f12 as is pre-

:1
dieted from transmission line theory. The slight angle in the

c1
=1
21

phase is possibly due to a variation in the height of the probe

:2 1 across the microstrip.
al

&l
1 Figure 4a displays the data collected from the same microstrip
1
1 with an open at the end of the SMA connection at 9 GHz. As
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expected, the normal electric field intensity image in figure 4a

yields standing waves with a -15 dB null in the center. The sep-

aration of the peaks is again 13,000 p.m which is ~ff/2. Figure

4b displays the electrical phase delay of each point over the

microstrip and gives a zero phase response everywhere due to

the presence of the standing waves.

Electric field intensity images of the microstrip with both

shorted and open SMA terminations were compared with the

same area. As predicted by transmission line theory, the nulls in

the shorted microstrip occur at the peaks of the open microstrip

and vice versa.

55 L2 Coplanar Waveguide Transmission Line

A coplanar waveguide (CPW) transmission line was fabricated

and tested using Rogers Corporation RT/Duroid@, E,= 10.8, and
Normal Electric Field Imensity (dB) Phase (Degrees) a dielectric thickness of 2,500 Lm. The gap size is 255 pm and

-20 .18 .16 .,4 .,2 .,0 .8 .6 .4 .2 0
the center conductor width is 560 Lm. Figure 5 displays three

.150-120-xl a .30 0 30 64 90 120 150

Images of the measured normal electric field intensity over theFigure 3. a) and b) Raw data from the experiment used to measure the
normal electric field directly over a 50 Q microsrrip line fabricated on
Roger’s Corp. RT/Iltroid (%=2.2, w=l 190 ym, and h=380 ~m) at 9 GHz
terminated with a 50 K1load. c) Normal electric field intensity. d) Normal
electric field phase delay

a.) 20 Log ( ~) b.) Tan .1 (Q/t)
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Figore 4. a) arrd b) Normal electric field images (intensity and phase delay)
..–,

from a 50 (2 microstrip line fabricated on Roger’s Corporation RT/Duroid

(%=2.2, width=l 190 Lm, and substrateheight=380 ~m) at 9 GHz terminated
with an open.

The next step to validate the operation of the electric field imag-

ing system is to combine the two signals (in-phase and quadra-

ture) and examine the intensity of the normal electric field over

the microstrip (Fig. 3c). It is seen that the intensities are nearly

constant along contours parallel to the microstrip. An intensity

ripple of 1.0 dB is present along the line which may be due to

the non-ideal match of the termination or the non-ideal connec-

tions made with the SMA connectors at the input and output of

the device.
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coplanar waveguide line under different terminations (50 Q

load, open and short) at 2.3 GHz. In Figure 5a the normal elec-

tric field is nearly constant over contours parallel to the CPW

line. Figure 5b shows the normal electric fields when the CPW

line is terminated with an open. The presence of standing
waves can clearly be seen with the nulls of the fields occurring

at the top and bottom of the image. As was seen in the case of

the microstrip, the peak of open CPW (Figure 5b) occurs in the

same position as the null of the shorted CPW ( Figure 5c).

Figure 6a-c) displays the tangential electric field intensity of the

same CPW line as in figure 5a-c) with the same terminations

(50 fi2 load, open, and short). As expected, the tangential elec-

tric field is a minimum over the center conductor and is a maxi-

mum over the gaps of the CPW. The assymetry in the

measurement is due to the interference of the monopole probe

with the signal of the dipole probe. The monopole probe should

be separated farther than 1 mm to minimize the interference

with the dipole probe. It is expected that when the monopole

and dipole probes are simultaneously in regions of strong nor-

mal and tangential electric fields that the coupling between the

probes will yield undesirable results. This effect did not occur

with the normal electiic field images because the dipole was

aligned parallel to the CPW line so that there were no strong

tangential electric fields in the same direction as the center con-

ductor line.
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Figure 5. a) Normal electric field intensity over a 55 Q CPW line. The CPW line is terminated with a 50 Q
SMA load. b) Same region as in a) but the CPW line is terminated with an open. c) Same region as in a)

but the CPW line is terminated with an SMA short.
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In this paper we have presented an experimental electric field

imaging system that uses the method of modulated scattering.

The system improves upon the techniques used by Richmond

[10] and Zitrcher [13] by using very small probes (-100 Lm

long dipole and monopole arms) on thin quartz substrates with

high frequency planar diodes. Furthermore, by using a system

of circulators and absorptive RF switches the bandwidth and

signal to noise ratio of the system is greatly improved. The

probe design allows simultaneous measurements of the normal

and tangential electric fields of the DUT. A simplified modu-

lated scattering system theory has been presented and verified

on a 50 Q microstrip transmission line at 9 GHz and 55 f2

coplanar waveguide transmission line at 2.3 GHz.
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