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1. Introduction
The U.S. Army is investigating millimeter-wave (MMW) radiation
as a means of guiding munitions. A crucial aspect of a guidance sys-
tem is its ability to detect and track a target. This requires a radar, for
transmitting/receiving the energy, and an antenna, mounted on
high-precision gimbals, for steering the radiation in space. Alterna-
tively, detection can be done by a radiometer, which discriminates
the cold space temperature reflected off a target from the much hot-
ter terrestrial background. The use of a frequency-selective antenna
allows for passive scanning. This system would discern where in its
field of view (FOV) a target is by narrowpass filtering the received
broadband signal. Many narrowpass filters could be used to gener-
ate a line scan image of the FOV for target identification. A simpler
system, consisting of only two filters, could be used in applications
where complete images are not required, such as final in-flight tra-
jectory corrections for tube-launched munitions. If an MMW beam is
used to steer them in this manner, future smart munitions could be
smaller and less susceptible to environmental factors such as launch
dynamics. This report details the investigation of a diffraction grat-
ing as a simulant for a frequency-selective antenna.
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2. Background
The principle behind diffraction gratings is well documented and
described in any of a number of optics books.1 The specific phenom-
enon exploited is diffraction of electromagnetic radiation by a grat-
ing of reflecting facets. The spectrum produced by a diffraction grat-
ing is created by two distinct phenomena: interference and
diffraction. It can be calculated from the general grating equation,

l(sin .- sin 8j)=m, (1)

where

0. = angle of mth order peak relative to the surface normal,
6k = incident angle of transmitted radiation,
1 = facet separation,

m = mth order interference peak, and
A = wavelength of incident radiation.

Figure 1 demonstrates how the combination of an interference pat-
tern (top of figure) with a diffraction pattern (middle) produces the
observed spectrum of a diffraction grating (bottom). The angular
distribution of the orders is determined by the interference of radia-
tion from multiple facets. It is dependent on both frequency and
facet spacing. Hence, equation (1) may be used to determine the lo-
cation of the interference orders for a given angle of incidence. The
interference is due to specular reflection from the surface as a whole
and is constrained by

4= 0, (2)

where 0o is the angle of reflection. Diffraction from a single facet is
also a specular reflection and determines the location of the diffrac-
tion peak.

The combined spectrum is of little use with a standard grating be-
cause of the spreading, by diffraction, of the energy into multiple in-
terference orders or beams. For purposes of steering radiation, a par-
ticular type of reflection grating, a blazed grating, is required.
Blazing refers to the angling of the reflecting facets of the grate rela-
tive to the surface normal. This angle is referred to as the blaze
angle, 6 b. Blazing eliminates the unwanted spreading over multiple
orders by directing most of the incident energy into only one of the
interference maxima. The blazed spectrum can be accounted for by
two effects: interference of radiation from multiple facets and dif-

1For eamtpie, Mies V. Klein and Thomas E. FurtaA Optics, Wikey, New York (1986).
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fraction of radiation from a single facet. Figure 2 gives a schematic
representation of these two effects. The location of the diffraction
peak is measured relative to the normal of a single facet and is indi-
cated as 00, (the minus indicates that the angles are on the same side
of the surface normal):

4- 0o. =2 (3)

Hence, varying the frequency of radiation incident on a blazed dif-
fraction grating allows a single MMW beam to be directed and
swept in a particular region of space. Figure 3 shows the blazed
spectrum as a function of the dimensionless parameter Ab/ I where A1
is the "tuned" wavelength of the grate. The tuned wavelength is de-
fined as the wavelength corresponding to m = 1 in equation (1).
Varying A, the incident wavelength, moves the diffraction pattern
relative to the interference pattern, enhancing one or another of the
interference maxima. To determine the feasibility of using
frequency-selective surfaces as a method for steering radiation, ARL
designed an experiment to measure this effect.
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3. Instrumentation
The radar instrumentation, the data acquisition software, and the ra-
dar control software were developed and fabricated by ARL. The
instrumentation, diagrammed in figure 4, consisted of a bistatic
frequency-modulated (FM), continuous wave (cw) 93-GHz trans-
missometer, a diffraction grating, and Hewlett-Packard (HP) data
acquisition and signal synthesis equipment. The transmitter con-
sisted of a 91-GHz phase-locked oscillator (PLO) locked to a 100-
MHz PLO. A variable IF signal, 1.5 to 2.5 GHz, at -10 dBm was gen-
erated by the HP network analyzer, amplified, and then mixed in a
single-sideband up-converter with the output from the 91-GHz
PLO. The mixed signal passed through a filter and then was trans-
mitted towards the grating via a 5-cm circular antenna at a power of
0 dBm. The receiver intercepted the radiation reflected from the
grate using a 15-cm circular antenna feeding a harmonic mixer. The
mixer down-converted the received signal using the ninth harmonic
of the source generated by an HP frequency synthesizer. The synthe-
sizer and source were kept coherent by the oscillator being locked to
a 10-MHz reference signal from the synthesizer. A low-noise pream-
plifier was used on the harmonic mixer to set the system noise figure
before processing by the HP network analyzer. The difference signal
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generated by the network analyzer could not be coherently inte-
grated directly. Because of the limited resolution of the synthesizer,
the phase of the down-converted signal continuously drifted in
time. Therefore, a fast Fourier transform (FFI) was performed on the
difference signal, and the maximum amplitude was recorded. This
peak corresponds to the beat frequency between the transmitted sig-
nal and the resolution-limited harmonic, specifically, 8 Hz. An HP
computer system was used to control the radar and perform data
acquisition.

A number of grates were studied, each with its own specific geom-
etry. The data presented in this report were obtained with the grate
geometry in figure 5. The overall dimensions are 30 by 30 cm. The
blaze angle, Ob, is 14.5,. Facet spacing, 1, is 4.84 mm, allowing for 61
facets to be machined across the face of the aluminum.

The following guidelines are proffered for creating MMW blazed
diffraction gratings. Given a fixed Oi and taking the derivative of
equation (1) with respect to X and 0., we define the angular
dispersion,

d0m m
d I cos ,' (4)

where dO. corresponds to the amount of shift required and dX is the
corresponding change in wavelength. The cosine argument is now
the location of the receiver relative to the grate normal as a function
of the integer value m and facet separation 1. The facet separation
should be greater than a single wavelength: two or three times
greater is preferable. The order is then chosen so that the angular
dispersion requirement is met; the higher the value of m, the further

Figure S. Geometry of 30 cm
rate used for

reported data.

I 30 cm
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apart different frequency peaks will be. However, the measurement
becomes more difficult, because the angle between transmitter and
receiver is also increased until shadowing effects are significant.
Shadowing effects occur when the top of one facet blocks a signifi-
cant portion of a neighboring facet, and edge diffraction begins to
dominate the spectrum. Once a value of m is determined, and hence
Om,, equation (3) may be used to determine 66 blaze angle, which is
used in the manufacture of the grate. It is recommended when the
grate is made that mill tolerances be kept tight to avoid surface
anomalies. I found that noise increased significantly when a less
than precise mill was used in making some of the initial gratings.
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4. Experimental Procedure
Figure 6 shows the measurement geometry. The grate was mounted
so that rotations could be made in two dimensions: rotation in the
plane defined by the grate normal and the bore of the transmit ar,-
tenna, as shown in figure 6a, and rotation in a plane defined by the
reflecting facets and the incident electric field polarization, as shown
in figurc 6b. Figure 6a is the plane for measurements of field
strength as a function of radiation angle of incidence, and figure 6b
is the plane for polarization measurements. The transmit antenna
was set 61 cm from the grate illuminating the center region. The re-
ceive antenna was positioned 15.25 m from the grate with its bore
perpendicular to the transmitter's bore. All three components were
oriented in a common plane.

Measurements were made with the polarization angle (defined in
fig. 6b) fixed, and the angle of incidence (defined in fig. 6a) varied.
Readings could be acquired in steps of 0.10 with the normal of the
grate surface passing from 0 to 90* as defined by a. At each angle in-
crement, the frequency was stepped from 1.5 to 2.5 GHz in steps of
100 MHz.

Figure 6. (a Tasmit
MeasurementGrtZ
geometry. (a) aA
indicates angle of
incident radiation,
and (b) f indicates
angle of incidentPolarization./

Graar Reaeion Reflecting facet
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5. Results
To determine the angle between transmitter and receiver, I first cov-
ered the diffraction surface with a flat aluminum plate. The plate
was rotated from 0 to 90", indicated in figure 6a, with a measure-
ment made every 0.5". The receive antenna was then considered to
be positioned at twice the peak abscissa value relative to the trans-
mitter. This measurement, after the mixer response is subtracted,
was used as the calibration for determining the amount of power
and location of subsequent peak measurements. Figure 7 shows the
calibration measurement for the data to be presented. The ordinate
is a measure of the ratio of the analyzer's received IF to the ana-
lyzer's generated IF, and hence is in decibels. The noise level is con-
sidered to be -75 dB. The peak at 41.5° is a specular reflection indi-
cating that the transmit and receive antennas are separated by 83°,
i.e., 7° from perpendicular. Table 1 conveys the pertinent informa-
tion for the two plots.

Figure 7. Calibration 0o
measurement of flat
aluminum plate. -20 92 GHz

---- - ------------93 GHz
M -40-

0. -60

-80 . "'

-100 .
0 20 40 60 80

Incident Angle

Table 1. Calibration Peak Peak
plot parameters. FrquenCY pw 64 center

(GHz) (dB) (0) (0)
92.5 -29.18 2.0 41.50
93.5 -30.66 2.0 41.50
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Figure 8 is a 0 to 900 measurement of the grate with a resolution of
0.5. Figures 9, 10, and 11 are measurements of the individual peaks
with a resolution of 0.1". Peak information is presented in table 2.
The data show a shift of 0.3 in the OU beamwidth of the first peak
(the half power point) and a 0.7* shift in the last peak for a 1-GHz
change in frequency. The center peak does not appear to shift.

The order the energy has been directed into is known because we
know the separation of the two antennas. Specifically, for each 6i,
which is taken to be the center of the 03r beamwidth, the corre-
sponding 0o must be on the opposite side of the surface normal. Ex-
cept for the center peak of figure 8, this is the m = ±1 order. Hence,
the first and last peaks are images. The wider width and lower am-
plitude of the last peak are due to the changing aperture as the grate
is rotated. The center peak is troublesome, because it does not seem
to fit with the theory. Figures 12, 13, and 14 are repeats of the meas-
urement of figure 8, except that polarization has been changed in
steps of 15. (i.e., 15*, 30°, and 45° polarization measurements, re-
spectively). Peak parameters are listed in table 3. These measure-
ments show the polarization dependence of the directed energy. The
center peak shows little variation with polarization, indicating that it
is a flat plate specular reflection corresponding to m =0.

Flgure 8. 0 to 90g 0

grate Resolution is 92 GHz
0.5. Peak infor- -20-
mation is listed in 93 GHztable 2.

CID -40 m=-1 m=0 m=1

-60

-80 -

-10o

0 20 40 60 80
Incident Angle

14



Pisan 9. m -lof0
& 92Gis

detectable but not 9 H
distinct. -2093H

w0 4

L 6

0 1)

10 12 14 16 18
Incident Angle

Figure 10. m=0of 0.
figure & There is no _ ____92 GHz
discernible shift&2

-20

04

080

36 38 40 42 44
Incident Angle

Figure 21. m Iof 0.
figure 8. Note that
shift is in opposite 9 ~
direction and is zmore209Gz
distinct than that of ------ 93 GHz
m -1 peak. 4

060

60 65 70 75
Incident Angle
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Table 2. FigureS8 peak Peak
parameters. Frequency ,th Power AM Center

(Gil) peak (dM) (') (0)
9 -1 -31.96 1.5 14.20
92.5 0 -31.66 2.4 4135
92.5 1 -46.97 43 6925

93.5 -1 -3372 1.2 14.50
93.5 0 -34.10 23 4135
93.5 1 -48.48 3.9 68.55

Figure 12 lS- 0'
Polmizaflon 9 ~

m ~92 GHz
-20

- 93 GHz

O -40-

0 - so

-80

-100r

0 20 40 60 80
Incident Angle

Figure 13. SO0
polarization
measurement 92 GHz

-20 ------------- 93 GHz

• --40-

.- 60

-100
0 20 40 60 80

Incident Angle
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Figur 14.45 0
poaizaton
mea rm e-20- 92 GHZ

- 93 GHz

-40

"0

-80

-100 • • • , . .

0 20 40 60 80
Incident Angle

Table 3. Peak power Frequency mth Polarization angle (dB)
polarization
dependence for (GHz) peak 15 30 45
angles 13-, 30', and 92.5 -1 -56.36 NA NA
45. 92.5 0 -31.30 -32.07 -33.83

92.5 1 -49.82 -55.59 NA
93.5 -1 -59.96 NA NA
93.5 0 -34.12 -433 -5.62
93.5 1 -5131 -52.62 NA

17



6. Conclusions
The results of this experiment indicate that the optical theory of dif-
fraction and blazed diffraction gratings may be scaled to MMW ra-
diation, with some limitations. It has been shown that the shift of en-
ergy associated with blazed gratings is detectable. For the grate
presented in this study, a OX shift in the negative first-order beam
was realized for a 1-GHz change in transmitted frequency. By choos-
ing an appropriate geometry for the transmit-antenna/grating/
receive-antenna system, along with the corresponding grate param-
eters (i.e., the blaze angle and the facet separation), one should be
able to devise a beam sweep useful for guidance applications. Also,
when the bandwidth of the transmitted frequency is increased, there
is a concomitant increase in beam sweep. The presence of the m = 0
peak in the grating measurements is associated with the specular re-
flection from a flat plate. This indicates that the scalar theory of dif-
fraction is inadequate when the facet separation is on the order of a
wavelength (I = I.5, X in this case). This anomaly need not be a hin-
drance for the application of this concept to guidance, in that the ge-
ometry of the system should be specified so that 0., 0 o, 45o.

Follow-on work to this study should include a configuration in
which the incident angle is held constant while the position of the
receiver is varied. This would allow a more thorough examination of
the spectrum. Also, measurements out of the plane defined by the
grate and antenna bore should be considered; these would allow
further investigation of the polarization dependence that was shown
to exist for energy in orders other than m = 0.
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