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I. INTRODU CTION 

This handbook provides plots of millimeter-wave (MMW) radar 

scattering data for terrain based on backscattering measurements 

made by the University of Michigan's Millimeter-Wave Polarimeter 

system during the 1987-1989 time period. It is planned to issue an 

updated version of this handbook in late 1990 that will include 

additional data acquired in 1990 as well as MMW scattering data 

reported in the literature by other institutions. 

Measurements made in 1987 and early 1988 consisted of 
observations of the backscattering coefficient ao at 35 and 94 GHz. 

Later measurements included 140 GHz observations as well. Most of 
the data are presented in the form of plots of ao versus the incidence 

angle e for each of the three principal linear polarization 

configurations : VV, HV, and HH, where H denotes horizontal 

polarization and V denotes vertical polarization. The radar 

measurements were often augmented with close-up observations of 

the target including such measurements as water content and 

surface roughness, where appropriate . For each data set, a summary 

of these observations and a photograph of the target scene are 

provided. 

The Millimeter-Wave Polarimeter is a mobile truck-mounted 

radar system capable of making observations from a 20 m high 

platform at any incidence angle between oo (nadir) and 800. In some 

cases, however, because of truck-access considerations or signal­

to-noise limitations, it was not possible to make observations over 

this entire angular range. Figure 1 shows a photograph of the 

system in operation and Figure 2 shows a close-up of the antenna 

platform. Table 1 provides a summary of the present system 

specifications and Appendix A includes a paper reprint that 

describes the system operation in more detail , although some of the 

specifications given in Appendi x A are somewhat out of date . 

No effort will be made in this handbook to provide any analysis 

of the radar data or to compare the data with model predictions . 

Instead, a list of relevant publications is given in the bibliography 

for the interested reader. 



··-
Fig. 1 Photograph of the Millimeter-Wave Polarimeter system with the boom extended 
about half way. 

Fig. 2 Close-up view of the RF sections, showing the 35, 94, and 140 GHz radars on 
the right side, and radiometers at the same operating frequencies on the left side. 
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Table 1. Millimeter-wave Polarimeter system parameters. 

FREQUENCIES: 35, 94, 140 GHz 

IF BANDWIDTH: 0 to 2.0 GHz 

TRANSMIT POWER: 

SWEEP RATE : 

POLARIZATION: 

INCIDENCE ANGLES: 

PLATFORM HEIGHT: 

NOISE EQUIV. cro : 

CROSSPOL ISOLATION: 

PHASE STABILITY: 

NEAR FIELD DIST: 

BEAMWIDTH: 

ANTENNA DIAMETER: 

SIGNAL PROCESSING: 

OUTPUT PRODUCTS: 

35 GHz: 
94 GHz: 
140 GHz: 

1 m-sec/freq., 

HH, HV, VV, VH 

0 to 70 degrees 

+3 dBm 
OdBm 

-4 dBm 

51, 101, 201 , 401 freq ./sweep 

3 meters minimum, to 18 meters maximum 

35 GHz: -22 dB 
94 GHz: -28 dB 
140 GHz: -21 dB 

35 GHz: 23 dB 
94 GHz: 20 dB 
140 GHz: 10 dB 

35 GHz: - 1 degree/hour 
94 GHz: - 1 degree/minute 
140 GHz: - 10 to 50 degrees/second 

35 GHz: 2.7 m 
94 GHz: 7.3 m 
140 GHz: 2.7 m 

35 GHz: R: 4.2 deg T: 4.2 deg 
94 GHz: R: 1.4 deg T: 2.8 deg 
140 GHz: R: 2.2 deg T: 11.8 deg 

35 GHz: R: 6 inches T: 6 inches 
94 GHz: R: 6 inches T: 3 inches 
140 GHz: R: 3 inches T: 0.36 inches 

HP 851 OA/8511 A based 

-received power verses range 
-received power verses frequency (at fixed R) 
-phase and amplitude for each frequency 
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TERMINOLOGY 

Average Leaf (or Needle) Dimensions - the approximate main axis 
length of the individual leaves (or needles) . 

Backscattering Coefficient - radar cross-section per unit area 
averaged over the illuminated area of the radar footprint, expressed 
in dB. Also referred to as Sigma-zero or cro. 

Cut - this term is applied to grasses when they have been cut, and no 
longer have the natural termination on their blades. 

Data set code - the unique alphanumeric sequence describing each data 
set. Typically it is the date of the measurement, in the sequence 
YYMMDD, with a numeric suffix if required for uniqueness. 

Dry - a material is called "dry" when its moisture content (in the case of 
soils and vegetations) or its liquid water content (in the case of 
snow) is within experimental uncertainty of 0 %. 

Ice Crystal Diameter - the approximate semi-major axis of an 
individual scatterer. This is typically a statistical quantity, arrived 
at by examining a number of individual scatterers. 

Metamorphosed - snow crystals having extensively undergone the 
natural sublimation process that alters their shape from its original 
form toward the spherical. 

Moisture Content - the percent of water, by mass, contained in a 
representative sample of soil or vegetation. The measurement 
consists of weighing a sample in its natural state, and again after 
drying it in an oven. 

Percent Vegetation Cover - the percent of the ground covered by tree 
vegetation when viewed from above. 

Rough - this term is applied to surfaces which are typically rougher than 
the natural state in which they are usually found. Often, in the case 
of soils or snow, it is used to describe a surface that has been 
artificially roughened. 
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Smooth - this term is applied to surfaces which are smooth compared to 
the natural state in which they are usually found . Sometimes it may 
be used to describe a surface which has been artificially smoothed. 

Snow Density - the mass/volume density of undisturbed samples taken 
from the snowpit. 

Snow Depth - the distance from the average top level of the snow to the 
underlying ground. 

Snow Liquid Water Content (LWC) - the quantity of liquid (non­
frozen) water contained in snow, by weight (gravimetric), measured 
in percent. 

Surface RMS Height - the root-mean-square deviation of the surface 
height relative to the mean surface 

Surface Temperature - the temperature registered by a mercury-bu lb 
thermometer with the bulb just covered by the top layer of the 
surface. 

Tree Density - number of trees per unit area. 

5 



II. MMW DATA FOR DRY SNOW 

Snow is a very complex target and many of the following data 
sets could be categorized in several ways. In the interests of 
simplifying the data organization, and facilitating its use by the 
reader, the data have been categorized into subsections by their 
most sa lient feature. 

The fo llowing chart is included in order to give a more 
complete overview of the characteristics of the data: 
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890307 (RO) X X 

890307 (SM) X X 
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MMW DATA FOR DRY SNOW 

A. Smooth Surface 

Dry snow 
Data set code: 880329(S) 
Depth: 20-30 em 
LWC:O% 
Surface RMS height: 1 em 
Density: 0.3 to 0.4 gm/cm3 
Ice crystal diameter: 1 to 4 mm 
Surface temperature : -2.0 C 
Description: smooth snow surface 

Surface roughness profile with 1 em grid 
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MMW DATA FOR DRY SNOW 

880 329 ( 5 ) 

1 mm 

Snow crystal from surface 

Metamorphosed crystal from middle of snowpack 
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MMW DATA FOR DRY SNOW 

880329(5) 

Data Set Code: 880329 35 
Date and Time: March 29, 1988, 5:15 PM 
Target : Dry Snow 
Frequency: 35 GHz 
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B. Slightly Rough Surface 

Dry snow 
Data set code : 880329 (SA) 
Depth : 20 to 30 em 
LWC:O% 
Surface RMS height: 1 em 
Density : 0.3 to 0.4 gm/cm3 
Ice crystal diameter: 1 to 4 mm 
Surface temperature: 0 C 
Description : snowpack of highly metamorphosed 

snow with a s lightly rough surface 

Surface roughness profile with 1 em grid 
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MMW DATA FOR DRY SNOW 

880329(SR) 

Data Set Code: 880329 35 
Date and Time: March 29, 1988, 5:15 PM 
Target: Dry Snow 
Frequency : 35 GHz 
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C. Very Rough Surface 

Dry snow 
Data set code: 880329(VR) 
Depth: 20 to 30 em 
LWC:O% 
Surface RMS height: 4 em 
Density: 0.3 to 0.4 gm/cm3 
Ice crystal diameter: 1 to 4 mm 
Surface temperature: 0 C 
Description: snowpack of highly metamorphosed 

snow with a rough surface 

Surface roughness profile with 1 em grid 
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MMW DATA FOR DRY SNOW 

880329(VR) 

Data Set Code: 880329 35 
Date and Time: March 29, 1988, 5:15 PM 
Target: Dry Snow 
Frequency: 35 GHz 
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D. Heavily Metamorphosed Snow 

Dry snow 
Data set code : 890210 
Depth : 27 em 
LWC:O.O% 
Surface RMS height: - 1 em 
Density: 0.5 gm/cm3 
Ice crystal diameter: 2 to 4 mm 
Surface temperature : -4 .8 C 
Description: heavily metamorphosed snow 

1 mm 

Metamorphosed crystal from top of the snowpack 
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MMW DATA FOR DRY SNOW 

890210 

SNOW PIT PROFILE FOR 890210 

top 
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air temperature: -4.4 C 
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MMW DATA FOR DRY SNOW 

890210 

Data Set Code: 890210 
Date and Time: February 10, 1989, 1 :40 PM 
Target: Dry Snow 
Frequency: 140 GHz 
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E. Unmetamorphosed Fresh Snow 

Dry snow 
Data set code: 890223 
Depth: 12 em 
LWC (at 2:15 PM): 0% 
LWC (at 3:52 PM) : 0% 
Surface RMS height: 1.4 mm 
Density: 0.2 g/cm3 
Ice crystal diameter: 1 to 2 mm 
Surface temperature: -7 C 
Description: dry unmetamorphosed snow 

Surface roughness profile with 1 em grid 
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MMW DATA FOR DRY SNOW 

890223 

Snow pit 

-· 

Data collection scene 
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MMW DATA FOR DRY SNOW 
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Date and Time: February 23, 1989, 11 :35 AM 
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F. Small Crystal Size 

Dry snow 
Data set code : 890302(sm) 
Depth: 10 em 
LWC:O% 
Surface RMS height: 0.15 em 
Density : 0.1 to 0.2 gm/cm3 
Ice crystal diameter: 1 mm 
Surface temperature : -5 C 
Description : smooth snow surface 

Surface profile with 1 em grid 
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MMW DATA FOR DRY SNOW 

890302(SM) 

·ill\· 
1 mm 

Snow crystals from surface 

Snow crystals from bottom of snowpack 
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MMW DATA FOR DRY SNOW 

890 3 02( S M) 

Data Set Code: 890302-sm 
Date and Time: March 2, 1 9S9, 9:55 PM 
Target: Dry Snow 
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G. Large Crystal Size 
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Surface RMS height: 0.15 em 
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Ice crystal diameter: 2 to 2.5 mm 
Surface temperature : -5 C 
Description: fresh smooth snow surface 
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Date and Time: March 2, 1989, 6:45 AM 
Target: Dry Snow 
Frequency: 35 GHz 

-------..,.. .............. 

...................... tr ...... .---·······"····__.. .... c ................................. C···········································c 

w 
·········O······· VH 
-- -iC-- l+l 

1 0 20 30 40 50 60 

Incidence Angle (degrees) 

Large snow crystals at Brighton 

25 

70 80 



10 

- 8 
aJ 
"0 - 6 -c: 
Q) 

4 <> --Q) 2 0 
(.) 

Cl 0 
c: ... 
Q) ·2 --ns 
<> ·4 rtl, 

.::.= 
<> ns 

-6 aJ 

·8 
0 

12 

- 10 
cc 
"0 

8 -c: 
Q) 6 
<> --Q) 4 0 

(.) 

Cl 2 
c: ... 

0 Q) --ns 
<> ·2 rtl 

.::.= 
<> 
CQ 

-4 cc 

·6 
0 
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H. Large Crystal Size with Rough Surface 

Dry snow 
Data set code: 890307(ro) 
Depth: 10 em 
LWC:.O% 
Surface RMS height: 1.17 em 
Density: 0.4 gm/cm3 
Ice crystal diameter: 2 to 4 mm 
Surface temperature: -10 to -12 C 
Description : dry, slightly metamorphosed snow 

Surface roughness profile with 1 em grid 
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MMW DATA FOR DRY SNOW 

890307(RO) 

Data collection scene 

I 

1 mm 

Snow crystals from surface 
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MMW DATA FOR DRY SNOW 
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MMW DATA FOR DRY SNOW 

I. Large Crystal Size with Smooth Surface 

Dry snow 
Data set code: 890307 (Sm) 
Depth: 10 em 
LWC: O% 
Surface RMS height: 0.28 em 
Ice crystal diameter: 2 to 4 mm 
Density: 0.4 gm/cm3 
Surface temperature: -10 to -12 C 
Description: dry slightly metamorphosed snow 

31 



10 

- 8 
al 
~ 6 -c: 4 4) 

(,) 

..... 2 ..... 
4) 
0 
() 0 

C) 
c: -2 ... 
4) - -4 -111 
(,) 
Ill -6 .:.t. 
(,) 
111 
al -8 

-10 
0 

10 

- 8 
en 
"'C ....... 

6 -c: 
4) 4 
u 

..... ..... 
4) 2 0 
() 

C) 
0 

c: 
'i: 

-2 4) --111 
u -4 Ill 

.:.t. 
u 
111 -6 al 

-8 
0 

MMW DATA FOR DRY SNOW 

890307(SM) 

Data Set Code: 890307-sm 
Date and Time: March 7, 1989, 6:00 PM 
Target: Dry Snow 
Frequency: 35 GHz 

........ .. , ....... ·:· .. ···· ··0· ................ ...... . .................. .. 0 

""""'0"""' HV 
---w-- HH 

1 0 20 30 40 50 60 

Incidence Angle (degrees) 

Dry smooth metamorphosed snow at Brighton 

Data Set Code: 890307-sm 
Date and Time: March 7, 1989, 6:00 PM 
Target: Dry Snow 
Frequency: 94 GHz 

......... 
... ...... 

..... --x. .... 
a ',, 

................. · ················ ..... 0···· ············~ ... , .. , .. ,~~~-~~- '-. 

w ·········t:l 
......... 0 ...... . HV 

--*'"- HH 

1 0 20 30 40 50 60 

Incidence Angle (degrees) 

Dry smooth metamorphosed snow at Brighton 

32 

70 80 

70 80 



10 

.-. 8 
a:l 
't:J -- 6 -I: 
.! 4 
() --Q) 2 
0 
u 

Cl 
0 

I: 
-.::: 

-2 Q) --(11 
() -4 1/1 
~ 
() 
(11 

-6 a:l 

-8 
0 
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Ill. MMW DATA FOR WET SNOW 

As in the previous chapter on Dry Snow, the following chart is 
included in order to give a more complete overview of the 
characterist ics of the data: 
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U'} 

·- Q) .fj Q) ..... ~ (.) .fj Q) ..c:: 0 Q) 0 ·~<B ~ ..... ~ ·- (.) 0 ~~ Q) 
Q) ~ 8 ~ ;::3 

"0 ~ U'} U'} ..... ~ ...... U'} 
Q) U'} tU..c:: ro b..S ~ ~..c:: 
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~ ..... ...... 0 
c8 ~0 ...... cOl) 

:.=: 8 Q) d) ~ 
Q) 8 8 U'} U'} - ~ > 8 > U'} 

Data Set Code A B c D E 

890220 X 

890309 (vw w/ rs) X 

890221 X 

890309 (vw w/ ss) X 

890215 X 
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MMW DATA FOR WET SNOW 

A. Manmade Wet Snow 

Wet snow 
Data set code: 890215 
Depth : 27 em 
LWC: (at 3:25 PM): 8.82% 
Surface RMS height: 1.6 em 
Density: 0.48 gm/cm3 
Ice crystal diameter: 2 to 4 mm 
Surface temperature: 0.0 C 
Description: manmade wet snow 

Snowmaking scene 
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MMW DATA FOR WET SNOW 

Surface roughness profile with 1 em grid 

Data collection scene 
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MMW DATA FOR WET SNOW 
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B. Slightly Wet Snow with Smooth Surface 

Data set code: 890220 
Depth: 6.5 em 
LWC (at 2:08 PM): 0% 
LWC (at 4:23 PM): 1.88% 
Surface RMS height: 0.11 em 
Density: 0.1 to 1.0 gm/cm3 
Ice crystal diameter: 1 to 2 mm 
Surface temperature : 0.0 C 
Description: smooth, wet natural snow 

SNOW PIT PROFILE FOR 890220 

temp. density 

top 665 
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-
- 5 E 
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() 4 
..c 3 ...... 
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Cl> 2 "'0 

1 

-
-0 .25 

0.958 (ice) -
bottom 

air temperature: 1.1 C 
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MMW DATA FOR WET SNOW 

I .,.!' 
Data collection scene 

1 mm • 

Snow crystal s from surface 
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MMW DATA FOR WET SNOW 

890220 

Data Set Code: 890220 
Date and Time: February 20, 1989, 12:45 PM 
Target: Wet Snow 
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MMW DATA FOR WET SNOW 
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C. Wet Snow with Smooth Surface 

Wet snow 
Data set code: 890221 
LWC (at 12:48 PM): 4.53 % 
LWC (at 1 :20 PM): 5.50 % 
LWC (at 3:08 PM): 6.57% 
Depth: 13.5 em 
Surface RMS height: 0.22 em 
Ice crystal diameter: 1 mm 
Density: 0-.13 gm/cm3 
Surface temperature: 1.0 C 
Description: smooth, wet natural snow 

Surface roughness profile with 1 em grid 
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MMW DATA FOR WET SNOW 

Snow pit 

. ) I 

Data collection scene 
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MMW DATA FOR WET SNOW 
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Data Set Code: 890221 
Date and Time: February 21, 1989, 11 :40 AM 
Target: Wet Snow 
Frequency: 35 GHz 
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Data set code: 890309(RO) 
Depth : 4.0 em 
LWC (at 2:30 PM): 16.89 % 
LWC (at 3:09 PM): 15.47 % 
Surface RMS height (sample 1): 1 .36 em 
Surface RMS height (sample 2): 1.78 em 
Surface RMS height (sample 3): 1.79 em 
Surface RMS height (sample 4): 2.29 em 
Surface RMS height: 0.15 em 
Density: 0.42 gm/cm3 
Ice crystal diameter: 2 to 4 mm 
Surface temperature: 4 to 6 C 
Description: rough, wet snow 

890309(RO) 

Data Set Code: 890309-ro 
Date and Time: March 9, 1989, 12:15 PM 
Target: Wet Snow 
Frequency: 35 GHz 
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MMW DATA FOR WET SNOW 

Data Set Code: 890309-ro 
Date and Time: March 9, 1989, 12:15 PM 
Target: Wet Snow 
Frequency: 94 GHz 

------

....... "······a ............. WHV················c································a ....................... __ ................... 'C 

• ••••••••0•"""" 

- - -tC- - 1-+1 

1 0 20 30 40 50 60 

Incidence Angle (degrees) 

Wet rough metamorphosed snow at Brighton 

890309(RO) 

I I 

Data Set Code: 890309-ro 
Date and Time: March 9, 1989, 12:15 PM 
Target: Wet Snow 
Frequency: 140 GHz 

-... 
- - - -x-- - - - - - - - -iC 

-4 ..................... -e································c 

-6 w 
•••••••••Qooooooo HV 

-8 ---te- - 1-+1 

-10 
0 1 0 20 30 40 50 60 

Incidence Angle (degrees) 

Wet rough metamorphosed snow at Brighton 

47 

70 80 

I 

-
-

-
-
-

-
-

70 80 



.-.. 
CD 
~ 

-1: 
Qj 

() --Qj 

0 
u 

0'1 
1: 
.... 
Qj --('0 
() 
1/) 
~ 
() 
('0 

CD 

E. Very Wet Snow with Smooth Surface 
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Data set code: 890309(sm) 
Depth : 4 .0 em 
LWC (at 2:30 PM): 16.89 % 
LWC (at 3:09 PM): 15.47 % 
Surface RMS height: 0.30 em 
Density: 0.42 gm/cm3 
Ice crystal diameter: 2 to 4 mm 
Surface temperature : 4 to 6 C 
Description: wet, smooth snow 

890309(SM) 

Data Set Code: 890309-sm 
Date and Time: March 9, 1989, 12:15 PM 
Target : Wet Snow 
Frequency: 35 GHz 
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IV. MMW DIURNAL DATA FOR SNOW 

A. 31 March, 1988 

8 
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Snow 
Data set code: 880331 
Depth: "' 71 em 
LWC: 0 to 10.2% 
Smooth surface RMS height: 0.49 em 
Slightly rough surface RMS height: 0.88 em 
Very rough surface RMS height: 1.98 em 
Density: surface: 0.39 gm/cm3 

15 em depth: 0.50 gm/cm3 
30 em depth: 0.54 gm/cm3 
45 em depth: 0.53 gm/cm3 
60 em depth: 0.58 gm/cm3 
71 em depth (ground): 0.65 gm/cm3 

Ice crystal diameter: 0.5 to 1 mm 
Surface temperature: -2.7 C to 4.5 C 
Description: metamorphosed snow divided into 

three sections, one natural surface (smooth), 
and two with roughened surfaces 

Data Set Code: 880331 ground truth 
Date: March 31, 1988 
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......... 0....... Air temp (0 C) 

-- -1e-- Snow temp (0 C) 

-12~~~~~~~~ .. ~ .. ~~~~~~~~~~~~~~ 
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Time (hours) 
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MMW DIURNAL DATA FOR SNOW 

Surface roughness profile of smooth snow with 1 em grid 

Surface roughness profile of slightly rough snow with 1 em grid 
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MMW DIURNAL DATA FOR SNOW 

Surface roughness profile of very rough snow with 1 em grid 

Snow crystals from surface 
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MMW DIURNAL DATA FOR SNOW 
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MMW DIURNAL DATA FOR SNOW 
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Date: March 31 , 1988 
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Date : March 31, 1988 
Target: Dry Snow 
Frequency: 94 GHz 
Incidence Angle: 40° 
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MMW DIURNAL DATA FOR SNOW 

Data Set Code: 880331 94 
Date: March 31, 1988 
Target: Dry Snow 
Frequency: 94 GHz x. 
Incidence Angle : 40° ', .... ~ 
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Houghton snow with slightly rough surface 

Data Set Code: 880331 94 
Date: March 31, 1988 
Target: Dry Snow 
Frequency: 94 GHz 
Incidence Angle: 40° 
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B. 27 February, 1989 

1400 1445 

0.0 0.0 

-0.6 -0.3 

-0 . 6 -0 . 7 

Snow 
Data set code: 890227/28 
Depth: 9.5 em 
LWC: 0 to 5% 
Surface RMS height: 0.1 em 
Density: 0.31 gm/cm3 
Ice crystal diameter: 1 mm . 
Surface temperature: 0.0 C to -9.0 C 
Description: partially metamorphosed snow 

890227/28 

SNOW PIT TEMPERATURE PROFILE (OC) 

1540 1655 18001900 2100 2302 0100 0300 0500 
0.0 2.0 -4.0 -3.5 -6.5 -6 .5 6.3 8. 5 -9 . 0 

0.3 -0.5 -1 . 1 -4.0 -5 .5 -5 .5 4.0 -5.0 -6.5 

-0.6 -1 .0 -0.6 -3.6 -4 .0 -4.0 -3.5 -4.5 -5. 5 

0605 p8o3 

-7 .5 7.0 

-4.5 5.7 

-3.5 -3.8 

-3.5-3 .3 -3 .0 -3.2 -5.1 · 8.5 -8.0 -6 .8 - 6 .5 -10. -11. -9.2 -7.0 
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MMW DIURNAL DATA FOR SNOW 

890227/28 

Data Set Code: 890227/28 
Date: February 27-28, 1989 
Target: Snow 

LWC 

-3~~~~~~~~~~~~~~~~~~~~~~~~~ 

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 

Time (hours) 

Liquid water content during snow diurnal at Brighton 

Surface roughness profile with 1 em grid 
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MMW DIURNAL DATA FOR SNOW 

890227/28 

Data Set Code: 890227/28 
Date: February 27-28, 1989 
Target: Snow 
Frequency: 35 GHz 
Incidence Angle: 40° 
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Snow diurnal at Brighton 
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Data Set Code: 890227/28 
Date: February 27-28, 1989 
Target: Snow 
Frequency: 94 GHz 
Incidence Angle : 40° 
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MMW DIURNAL DATA FOR SNOW 

890227/28 

Data Set Code: 890227/28 
Date: February 27-28, 1989 
Target: Snow 
Frequency: 140 GHz 
Incidence Angle: 40° 

•.• .r:t •. 
p·········d' IJa····C··········· .............. o. .. c 
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Snow diurnal at Brighton 
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C. 2 March, 1985 

0400 0500 

-4.0 -5. 0 

-7.0 -7.0 

-13.0 -11.0 

Snow 
Data Set code: 890302 
Depth: 10 em 
LWC:O% 
Surface RMS height: 0.15 em 
Density: 0 .1 to 0.2 gm/cm3 
Ice crystal diameter: 2 to 2.5 mm 
Surface temperature: -4 C to -5 C 
Description : partially metamorphosed snow 

SNOW PIT TEMPERATURE PROFILE (OC) 

0600 0700 0800 0900 1000 1100 1200 11 300 1400 

-5.0 -5.0 -5.0 -4.0 -4.0 -3.0 -3.0 -2.0 -2.0 

-6.0 -6.0 -6.0 -5 .0 -4.0 -3.0 -3 .0 -1 .5 -1.0 

.. ., 

-10.0 -10.0 -8.5 -6.0 -4.0 -1.0 -1 .0 -0.5 -0.0 

1500 1600 

-2.0 -1.9 

-1 .8 -1.7 

-1 .5 -1 .5 

air temp -15.0 -13.5 -13.0 -12.0 -10.0 -6 .0 -5 .0 -5.0 -5 .0 -3 .5 -4.0 -4 .5 -5.0 

Time 1700 1800 1900 2100 1400 1500 1600 1700 1800 1900 2100 

rop 1 0 - -2.8 -3.7 -4.0 -5.0 -2 .0 -2.0 -1.9 -1.9 -3.7 -4 .0 -5.0 

9 -
8 -

E 7 2. -
.r; 6 c. -
<1> 

"'0 5 - -2.3 -2 .7 -3. 1 -3.5 -1.0 -1 .8 -1.7 -1.7 -2.7 -3.1 -3.5 

4 -
3 _.., 

2 -
1 -

bottom -1 .8 -2.0 -2.2 -2 .5 -0.0 -1 .5 -1 .5 -1 .5 -2 .0 -2.2 -2.5 

air temp -5.5 -6.0 -6.5 -7.5 -4 .0 -4.5 -5.0 -5.0 -6.0 -6 .5 -7.5 
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MMW DIURNAL DATA FOR SNOW 

Data Set Code: 890302-diurn 
Date: March 2, 1989 
Target : Dry Snow 
Frequency: 35 GHz 
Incidence Angle: 40° 
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Data Set Code: 890302-diurn 
Date: March 2, 1989 
Target: Dry Snow 
Frequency: 94 GHz 
Incidence Angle : 40° 
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Snow diurnal at Brighton 
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MMW DIURNAL DATA FOR SNOW 

890302 

Data Set Code: 890302-diurn 
Date: March 2, 1989 
Target: Dry Snow 
Frequency: 140 GHz 
Incidence Angle: 40° 
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Time (Hours) 

Snow diurnal at Brighton 
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V. MMW DATA FOR ICE-COVERED GROUND 

V. MMW DATA FOR ICE-COVERED GROUND 

Data set code: 880308 
Depth: 3 to1 0 em 
Surface RMS height: 1 mm 
Surface temperature: 0 C 
Description: ice formed by the freezing of sheet­

flooded terrain , about 10% of the surface was 
covered by pools of water 

Ice covered ground 
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MMW DATA FOR ICE-COVERED GROUND 

880308 

Data Set Code: 880308 
Date and Time: March 8, 1988, 2:32 PM 
Target: Ice Covered Ground 
Frequency: 35 GHz 

......... o ....... VH 

---w- - H-1 

1 0 20 30 40 50 

Incidence Angle (degrees) 

Ice 

Data Set Code: 880308 
Date and Time: March 8, 1988, 2:32 PM 
Target: Ice Covered Ground 
Frequency: 94 GHz 

w 

1 0 20 30 40 50 

Incidence Angle (degrees) 

Ice 
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VI. MMW DATA FOR TREE CANOPIES 
A. Cedar Trees 

Cedar trees 
Data set code: 871111 
Tree density: 0.07 trees/m2 
Average leaf (or needle) dimensions: ~ 2 to 3 em 
Leaf moisture content: ~ 70 % 
Ground cover moisture content: ~ 35 % 
Percent vegetation cover: 90 % 
Percent cover of undergrowth: 100% 
Moisture content of undergrowth : 35% 
Description: Stand of mature oak trees over low 
ground cover 

~2M ~0.3 M 

Cedar trees 
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MMW DATA FOR TREE CANOPIES 

Needles of Cedar trees 

Ground cover beneath Cedar trees 
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MMW DATA FOR TREE CANOPIES 

871111 

2 

...... 0 Data Set Code: 871111 CD 
Date and Time: November 11 , 1987, 9:18 AM ~ ·2 
Target: Cedar Trees - Frequency: 35 GHz c: -4 .~ 
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B. Red Pine 

5 -11 November, 1987 
Data set code : 871105 
Tree density : 0.14 treesfm2 
Average leaf (or needle) dimensions: 10 to 15 em 
Leaf moisture content: - 70 % 
Percent vegetation cover: 90 % 
Percent cover of undergrowth: 100% 
Moisture content of undergrowth: 35% 
Description : Stand of mature red pines over dry, fallen 

needles 

- 10M - 1 M 

Red pines 
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Needles of Red Pines 

Ground cover beneath Red Pines 
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8711 0 5 
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-- 0 Data Set Code: 8711 05 a:l 
~ Date and Time: November 5, 1987, 12:01 PM 
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Red Pines at Arboretum 
(5 November, 1987) 
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0 Data Set Code: 871107 --a:l Date and Time: November 7, 1987, 10:59 AM "'0 -2 - Target: Pine Trees - -4 Frequency: 35 GHz c 
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(7 November, 1987) 
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Data Set Code: 8711 07 
Date and Time: November 7, 1987, 10:59 AM 
Target: Pine Trees 
Frequency: 94 GHz 

1 0 

w 

20 30 40 50 

Incidence Angle (degrees) 

Red Pines at Arboretum 
(7 November, 1987) 

871109 

Data Set Code: 871109 
Date and Time: November 9, 1987, 2:20 PM 
Target: Pine Trees 
Frequency: 94 GHz 
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Red Pines at Arboretum 
(9 November, 1987) 
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Data Set Code: 871110 
Date and Time: November 10, 1987, 9:24 AM 
Target: Pine Trees 
Frequency: 35 GHz 

+ 1------.... _,_ ____ __ 
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Incidence Angle (degrees) 

Red Pines at Arboretum 
(1 0 November, 1987) 

871111 

Data Set Code: 871111 RP 
Date and Time: November 11 , 1987, 1 :43 PM 
Target: Pine Trees 
Frequency: 35 GHz 
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C. Apple Trees 
Data set code: 880811 
Tree density: 0.1 treesfm2 
Average leaf (or needle) dimensions : 4 by 8 em 
Leaf moisture content: -80 % 
Percent vegetation cover: 90% 
Percent cover of undergrowth : 100% 
Moisture content of undergrowth : 80% 

3.5 m 2m 0.5m 

Apple tree 
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MMW DATA FOR TREE CANOPIES 

Leaves of apple tree 

880811 

Data Set Code: 880811 
Date and Time: August 12, 1988, 9:45 AM 
Target: Apple Tree 
Frequency: 94 GHz 
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D. Bur Oak 

80 

-- 70 ::!! 0 ._.. .. 
c: 
Q) 60 -c: 
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(.) 

Q) 50 .... 
;::) -(/) 

0 40 
:E 

-I'll 
Q) 30 ...J 

Bur Oak (Quercus macrocarpa) 
Data set code: 880930-1027 
Tree density: 0.09 trees/m2 
Average leaf (or needle) dimensions: 8 by 12 em 
Moisture content of undergrowth: - 70% 
Percent cover of undergrowth: 100% 
Percent vegetationcover: 95% 
Description : Stand of mature oak trees over low 

ground cover 

- 7M -4M -1M 

9/30 1 0/4 10 / 13 10 / 14 10 / 15 10 / 27 1 1/18 

Date (1988) 
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Bur oaks at Botanical Gardens -- 880930 

Leaves of Bur oaks at Botanical Gardens -- 880930 
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. " .. 

MMW DATA FOR TREE CANOPIES 

Bur oaks at Botanical Gardens -- 881 007 

Leaves of Bur oaks at Botanical Gardens -- 881007 
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Bur oaks at Botanical Gardens -- 881015 

Leaves of Bur oaks at Botanical Gardens -- 881015 
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MMW DATA FOR TREE CANOPIES 

Leaves of Bur oaks at Botanical Gardens -- 881027 

Ground cover beneath Bur oaks at Botanical Gardens -- 881027 
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880930-1027 

Data Set Code: 880930-1027 
Dates: September 30 -- October 27, 1988 
Target: Oak Trees 
Frequency: 35 GHz 
Incidence Angle: 20° 
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Data Set Code: 880930-1 027 
Dates: September 30 -- October 27, 1988 
Target: Oak Trees 
Frequency: 35 GHz 
Incidence Angle: 30° 

w 

2 4 6 8 1 0 1 2 1 4 1 6 1 8 20 22 24 26 28 30 

DAY 

Bur Oaks (Quercus Macrocarpa) 
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880930-1027 

4 
Data Set Code: 880930-1 027 - 0 Dates: September 30 -- October 27, 1988 a:l 
Target: Oak Trees ~ -4 
Frequency: 35 GHz - Incidence Angle: 70° c -8 .~ 
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Data Set Code: 880930-1 027 
Dates: September 30 -- October 27, 1988 
Target: Oak Trees 
Frequency: 94 GHz 
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Data Set Code: 881013 
Date and Time: October 13, 1988, 12:14 PM 
Target: Oak Trees 
Frequency: 94 GHz 

......... 0 ....... VH 

---w-- HH 

1 0 20 30 40 50 

Incidence Angle (degrees) 

Bur Oaks (Quercus Macrocarpa) 
Leaf Moisture Content = 63.4% 

881014 

DataSetCode: 881014 
Date and Time: October 14, 1989, 1 :40 PM 
Target: Oak Trees 
Frequency: 35 GHz 

60 

----"""' 

w 

---w-- HH 

1 0 20 30 40 50 

Incidence Angle (degrees) 

Bur Oaks (Quercus Macrocarpa) 
Leaf Moisture Content = 50 .1% 

83 

.... 

60 

70 80 

.... .... .... .... 

7 0 80 



6 

4 

-- 2 
lD 
"0 0 -- -2 
c: 

-4 .~ 
u -6 :;:: - -8 Q) 

0 
(.) -10 

C) -12 
c: -14 -.: 
Q) -16 --ca -18 u 
Ill 
~ -20 u 
ca -22 

lD 
-24 

-26 
0 

6 

4 --al 2 
"0 - 0 -c: -2 Q) 

u 
:;:: -4 -Q) 

0 
(.) 

-6 

-8 
C) 
c -10 ·.::: 
Q) - -12 -ca 
u -14 Ill 
~ 
u -16 ca 
al 

-18 

-20 
0 

881015 

Data Set Code: 881015 
Date and Time: October 15, 1988, 12:30 PM 
Target: Oak Trees 
Frequency: 35 GHz 
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Data Set Code: 881118 
Date and Time: November 18, 1 988, 11 :42 AM 
Target: Oak Trees 
Frequency: 35 GHz 
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Data Set Code: 881118 
Date and Time: November 11 , 1988, 11 :43 AM 
Target: Oak Trees 
Frequency: 140 GHz 
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E. Spruce Trees 
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Spruce (Picea abies) 
Data set code : 881031/881122 
Tree density: 0.03 treesfm2 
Average needle dimensions: 2 em 
Leaf moisture content: 53.1 %(881 031 ); 56% 

(881122) 
Percent vegetation cover (est.): 80 % 
Percent cover of undergrowth: 100% 
Moisture content of undergrowth:35% 
Description: stand of mature spruce trees with weedy 

ground cover 

Spruce trees 
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Data Set Code: 881 031 
Date and Time: October 31, 1988, 1:23 PM 
Target: Evergreen Trees 
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881122 

Data Set Code: 881122 
Date and Time: November 22, 1988, 10:21 AM 
Target: Evergreen Trees 
Frequency: 35 GHz 
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Data Set Code: 881122 
Date and Time: November 22, 1988, 10:21 AM 
Target: Evergreen Trees 
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F. White Cedar Bushes 

White Cedar bush (Thuja occidentalis) 
Data set code: 881116 
Height: 3 m 
Density: 80 % 
Average leaf (or needle) dimension: 5 em 
Leaf moisture content: 56 % 
Percent vegetation cover: 80 % 
Percent cover of undergrowth: 50% 
Description: dense stand of White cedar bushes 

White Cedar bush 
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Close-up view of branches of White Cedar bush 
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Data Set Code: 881116 
Date and Time: November 16, 1988, 11:12 AM 
Target: Bushes 
Frequency: 94 GHz 
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VII. MMW DATA FOR GRASSES 
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Data Set Code: 871116 
Date and Time: November 16, 1987, 11 :17 AM 
Target: Grass 
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Data Set Code: 880812 
Date and Time: August 12, 1988, 1:28 PM 
Target: Grass 
Frequency: 94 GHz 
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Tall Grass (Amaranthus) 
Data set code: 881202 
Grass Moisture Content: 37.6% 
Height: 50 em 
Description: uncut 

Amaranthus over chickweed 
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881103 
Tall Grass (Andropogon gerardi) 
Data set code: 8811 03 
Leaf Moisture Content = 33% 
Height: 80 em 
Description: dry, uncut 

Data Set Code: 8811 03 
Date and Time: November 3, 1988, 9:58 AM 
Target: Ground Cover 
Frequency: 35 GHz 
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881108 

Grass (Andropogon gerardi) 
Data set code : 8811 08 
Leaf Moisture Content = 44.5% 
Height: 80 em 
Description: moist, uncut 

Data Set Code: 8811 08 
Date and Time: November 8, 1988, 9:48 AM 
Target: Ground Cover 
Frequency: 35 GHz 
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Data Set Code: 881108 
Date and Time: November 8,1988, 9:48 AM 
Target: Ground Cover 
Frequency: 94 GHz 
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Date and Time: November 8, 1988, 9:48 AM 
Target: Ground Cover 
Frequency: 140 GHz 
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881027 

Tall Grass (Bromus inermis) 
Data set code: 881027 
Leaf Moisture Content = 70 % 
Height: 80 em 
Description: uncut 

Data Sat Code: 881027 (GC) 
Data and Time: October 27, 1988, 3:22 PM 
Target: Ground Cover 
Frequency: 35 GHz 
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881114 

Grass (Bromus inermis) 

Data set code: 881114 

Leaf Water Content = 43.1% 

Height: 10 em 
Description: cut 

Broom grass (Bromus inermis) 
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Grass (Bromus inermis) 
Data set code: 881115 
Leaf Water Content = 50% 
Height: 25 em 
Description: uncut 

Data Set Code: 881115 
Date and Time: November 15, 1988, 1 :51 PM 
Target: Ground Cover 
Frequency: 35 GHz 
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881117 

Grass (Lythrum salicaria) 
Data set code: 881117 
Leaf Moisture Content = 24.8% 
Height: 1 m 
Description: uncut 

Purple loose strife (Lythrum salicaria) 
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Data set code: 890406 
Leaf Moisture Content = 70 % 
Height: 4 em 
Description: cut, packed down by winter's snow. 
This is the grass from under the Brighton 
snow for which data was taken in early 1989. 
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VIII. MMW DATA FOR ROAD SURFACES 
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Rough Asphalt 
Data set code: 881109 
Surface RMS height: - 2 mm 

Condition: rough, dry asphalt 

Asphalt at Botanical Gardens 
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B. Gravel 
871113/880815 

Gravel 
Data set code: 871113 and 880815 
Surface RMS height: - 2 mm 
Typical stone size : ~ 6 mm 
Description: dry gravel 

_ Gravel in North Campus parking lot 
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A Millimetetwave Network Analyzer Based 
Scatterometer 

FAWWAZ T. ULABY, FELLOW, IEEE, THOMAS F. HADDOCK , MEMBER, IEEE, 
JACK R. EAST, MEMBER, IEEE, AND MICHAEL W. WHITT, STUDENT MEMB ER, IEEE 

Abstract-The Millimeterwave Polarimeter (MMP) is a network­
analyzer based scatterometer and reHectometer system that has been 
developed in support of a program to characterize radar clutter at 35, 
94, and 140 GHz. A HP 8SIOA network analyzer is employed in the 
MMP system as a signal conditioner and processor to facilitate real­
time data reduction, to reduce the short time-delay leakage noise in­
herent in traditional FM/ CW radar, and to further enhance the slg· 
nal-to-noise ratio of the system through signal processing techniques. 
Operation of the system at millimeter wavelengths is achieved with up­
conversion and harmonic downconversion. The use of harmonic down­
converters permits low-frequency signal connections between compo­
nents of the system and allows easy reconllguration in either 
scatterometer, bistatic, or reHection/transmission modes. 

I. INTRODUCTION 

THE PRIMARY design objectives of the Millimeter­
wave Polarimeter (MMP) is to achieve a system that 

can operate at 35, 94, and 140 GHz with full polarization 
and phase capability. It should operate from a truck plat­
form as a scatterometer for backscatter measurements and 
in the laboratory for bistatic and transmission measure­
ments, and should have ranging and real-time processing 
capabi lities . The HP 8510A is an automatic vector net­
work analyzer ·with a computer-control system that a llows 
vector error correction of imperfections through the use 
of calibration standards . It provides the needed flexibility 
and s ignal conditioning and process ing for our require­
ments. 

The three configurations of the MMP are illustrated in 
Fig . I. Fig . l (a) illustrates the 94-GHz system in its back­
scatter mode . In this co nfiguration it operates from a 
variable-angle mount on the end of a n extendable boom 
mounted o n a truck . The front end RF and IF components 
are mounted on the boom top. while the network analyzer 
and ancil lary data processing and recording equipmem are 
mounted in a control house on the bed of the truck. Fig. 
I (b) shows the bistatic measurement configuration in 
which the transmitter and receive r sections are separated 
from one another and used to make bistatic measure­
ments . Fig . l (c) illustrates the transmitter and receiver 
subsystems. operating without the lens-hom antennas, to 
make transmission and reflection measurements. ln this 

Manuscript rece1ved January 12 . 1987: revised Jul y JO . 1987 . 
The authors are with the Rad iat1un Laburatory . Department uf Electrical 

Engineenng and Cumputer Science. The Uni versi ty llf Mic higan. Ann Ar­
bor. Ml 48109-2122 . 

IEEE Lug Number 87 17530. 
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Fig. I . The 1hree operating configurations or the MMP. 

configuration the two subsystems direct ly face one an­
o ther , so the transmitted signal passes directly through the 
sample. 

Note that in the bistatic and reflection/ transmission 
modes the receiver and transmitter sections must be po­
s itioned independently of each o ther . Scatterometer usage 
requires that the entire system be portable . with the front 
e nd moving remotely and independently from the HP 
85 10A back end . The MMP system illustrated in Fig . 2 
addresses each of these goals, while providing standard 
operating procedures and data format for all three types 
of data acquisition. 

ll. MMP DESIGN 

The design goal was to produce a single versatile in­
strument with the ability to be configu red in the three de -

0196-2892/ 88/0 100-0075$01 .00 c 1988 IEEE 
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Fig . 2 . Scattering configuration of the system, detail. and block diagrams . (a) System diagram in scatterometer mode. The 94-GHz system is illustrated , 

35- and 140-GHz systems are analogous. (b) Scatter';meter configuration of the system. 

sired configurations. Discussion of each of the configu­

rations follows . 

A. Backscauer Mode 

Fig . 2 illustrates the system in its backscatter mode, in 

detail (part a) and in block diagram form (part b) . At each 

RF frequency a fixed-frequency Gunn source and mixer 

are used to upconvert a 2-4 GHz swept signal, controlled 

by the HP 8510A, to a swept 93-95 GHz signal. This 

signal is transmitted (in vertical or horizontal polariza­

tion) through a lens-hom antenna to the target. A sample 

of the transmitted signal is harmonically downconverted 

with a low-frequency LO (- 10 GHz) and transmitted 

A-3 

through flexible coaxial cable to the reference signal ( a 1 ) 

port of the network analyzer. The reflected signal, picked 

up by a second antenna, is downconverted and fed into 

the return signal ( b 1 ) port. The polarization switch allows 

the selection of either the horizontal or the vertical re­

turned signal. Due to the low frequency (2-4 GHz and 10 

GHz) coaxial interconnections between the various up and 

down converters, the transmitter and receiver subsystems 

are independently mobile . 
In a traditional FM / CW radar [1)-[3) the noise floor is 

set by nonvarying leakages and reflections within the sys­

tem. For short-range calibrated radars , or scatterometers , 

this leve l is typically about 30 to 35 dB above the thermal 
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Fig . 3. Like- and cross-polarization traces for a typical MMP antenna . 

noise floor of the system. The HP 851 OA has error cor­
rection routines that correct for imperfections in the test 
circuitry through measurements of standard calibrators. 
By using an HP 8510A as a radar back-end, sources of 
system measurement error can be characterized and par­
tially subtr11cted from the signal, hence, greatly increas­
ing system sensitivity over that provided by a conven­
tional design. 

In addition. since the HP 8510A makes measurements 
by detennining the phase and amplitude of returned sig­
nals over a series of stepped frequencies, all phase infor­
mation is retained. When both horizontal and vertical 
modes of polarization are measured , complete polariza­
tion infonnation can be obtained. This allows the recon­
struction of any mode of polarization, linear or circular, 
thus making the system completely polarization agile. 
This capacity can be used to completely specify the scat­
tering matrix of an object or target of interest. 

The HP 85 10A has the capability to perform complex 
binary math operations on pairs of swept signals. For ex­
ample, a signal may be memorized and used to operate on 
subsequent signals to remove or reduce unwanted re­
sponses . This can be used to reduce reflection and leakage 
noise from within the system, as well as to reduce un­
wanted responses from outside the instrument. 

The HP 8510A can perform real-time fast-Fourier 
transfonns from the frequency domain, in which the data 
is taken, to the time domain . Range-gating capabilities in 
the time domain allow setting the response of the instru­
ment to a specified time range. This can be used to reject 
signals reflected from targets outside of the desired range. 

TABLE I 
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as well as to measure the backscattered power as a func­
tion of range. In studying the scattering from vegetation 
canopies, for example, it is possible to record the differ­
ential scattering as a function of range from the top of the 
canopy down to the underlying ground surface . 

Table I lists projected system performance specifica­
tions, based on laboratory tests and specifications of our 
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Fig .. 4. Bistatic configuration of the system. 
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Fig . 5. Reflect ion/ t ransmission configuration o f the system. 

equipment. The values for the noise-equivalent CJ 0 for the 
94- and 140-GHz systems were derived on the basis of 
tes ts in the laboratory. 

The bandwidth of the MMP can range from 0 to 2 GHz, 
and can be changed in real-time. Narrow bandwidth al­
lows the system to have high spectral resolution, and 
hence have good determination of frequency-dependent 
features of the targets. Wide bandwidth allows good tem­
poral resolution and can be used to reduce and study the 
effects of fading. 

Antenna patterns of a typical MMP antenna are given 
in Fig. 3. These antennas have corrugated conical feed 
horns with matched dielectric lenses. Note that the cross­
polarization isolation is better than 40 dB. 

8. Bistatic Mode 

The bistatic confi guration diagram is shown in Fig. 4. 
The operation is similar to that in the backscatter mode . 

only here the transmitter and receiver sections move in­
dependently of each other in m1king the measurements at 
various angles. Ease of movement of the two subsystems 
comes from the low-frequency IF (2 to 4 GHz) and LO 
( X-band) interconnections . Note that due to range-gating, 
bistatic measurements can take place anywhere, in the 
field, where the numerous unwanted refl ections can be 
time-gated out, or in the usual anechoic chamber setting. 

C. Transmission Mode 

The transmission configuration diagram is shown in 
Fig. 5. Operation is as in the bistatic case , with the trans­
mitter and receiver units positioned independently . onl y 
now the lens-hom antennas are removed and samples are 
placed directly against the waveguide probes . In this con­
figuration the polarization switch is used to select either 
the response from the refl ected signal or the transmitted 
signal. 
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Fig. 6. Histogram of t ime-domain response of trees at 35 GHz. 
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Fig. 7 . Backscatter measurements on asphalt at 35 GHz. 

III . PRELIMINARY RESULTS 

Fig . 6 shows a histogram of the time-domain response 

of the system operating in the scatterometer mode at 35 

GHz. The target was a dense stand of trees, and the data 

was taken with a full bandwidth of 2 GHz at an angle of 

approximately 45 degrees . Calibration was performed 

against a 15-in sphere, and the estimated 1-o accuracy 

was I dB for the total canopy o 0 = -9.6 dB. The histo­

gram shows the power, given as a percent of the total 

removed power, through the canopy in 10-ns bins . 

Fig. 7 shows a 0 measurements of an asphalt surface 

versus angle for H-H, Y-Y, and Y -H polarizations. This 

data was take n at 35 GHz with a 2-GHz bandwidth . 

Fig. 8 shows a plot of the radar-cross-section versus 

incidence angle for a leaf of cross section of approxi­

mately 40 cm2
, with 63-percent moisture content. This 

data was taken in an anechoic chamber at 35 GHz with 

the system operating in the backscatter mode. 

IV . CONCLUSION 

The HP 8510A network analyzer shows great promise 

as the back end of centimeter- and mi ll imeter-wave 

FM / CW scatterometers and reflectometers . Use of its 

various error correction and signal processing capabilities 

shou ld greatly improve signal -to-noise ratio over e4u iva ­

lent conventional systems. Funhennore . the versatility in 
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Fig. 8. Leaf backscatter cross section versus angle at 35 GHz for a leaf with 63 .4-percent moisture content. 

bandwidth, polariz:.tion, and configuration of the MMP 
allow for a flexible system for field as well as laboratory 
use. 
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