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HUGGIN ’S SCA~INED RADIOMETER

This report documents the investigation by the NSWC on the application of a
Huggin 1 s scann ing array to a 35GHz radiometer receiver. The desired performance
specifications and directions were provided by NWC , Chi na Lake . The wo r k cove rs
a theoretical study of the feasibility of this scanning technique . Initial
fundin g was supplied by NAVA IRSYSCOM AIR 370D and final funding by Independent
Exploratory Development Project WAO2AE NSWC/WO . The aut hors grea tfull y
acknowledge the support and assistance received from Mr. J. Vranish , WA-32.
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I. INTRODUCTION

This report discusses the appli cation of the Huggin ’s Scanning system to an

electronically scanned antenna receiving array whi ch will then be considered

as a radiometer. The desired performance specifications for the system were

furnished by R. P. Moore , NWC , Ch ina Lake and are listed in Table 1.

The Huggin ’ s Scann i ng sys tem produces an arra y of ou tputs corres pon di ng to

the outputs from an antenna array. The outputs of the Hugg in ’s system have a

simple controllable progressive phase shift associated with them that is the

negative of the progressive phase shift produced by some incoming si gnal at the

an tenna terminals. Combining these two signals in an array of non -linear

elemen ts can yi eld an array of outputs proporti onal to the antenna s ig nals but

w hose phases are all the same . Thi s arra y of s ig nals can t hen be summe d i nto

one s i gnal in a corporate combiner and operated on by norma l receiving techniques .

Incom i ng s ig nals to a rad i ome ter an tenna arr i ve from all an g les but eac h di rec ti on

has a un iq uel y def i ned p ro gress i ve p hase across t he a perature . It i s thu s the

function of Huggin ’ s array control to determine which incoming angle is coherently

combined at the output. The control is a variable frequency that can be made as

accurate as the application requires. Variation of the control frequency pro-

duces the electric scanning of space required by the radiometer .

The array of non-linear elements replace the diode or ferrite phase shifters

commonly use d i n elec tron i call y s teered antennas and perform muc h the same

function. Figure 1 is an artist ’s conception of the antenna. The possible

advantage to the radiometer is one of system noise. The non-l inear elements

are capable of performing their function with the addition of a minimum of excess

noise. In certain modes they can add gain to the signals and thereby decrease4
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the effect of noise added by succeeding stages . Gain comes with the price of

instability . Because the beam width of Table 1 (<0.8°) will require in excess

of one hund red elemen ts , stability and low noise were emphasized over gain. The

upper-sideband up-converter (USUC), a stable positive resistance mode of a

vat-actor diode was chosen for the application. The analysis , comp romi ses , and

constraints result in a circuit that has an effective input noise temperature of

l06°K wi th a gain of 0.97. It has been suggested that a negative resistance

device with a modest gain of 6dB could be made stable and would improve the

overall system performance. While this may be true , the absence of experience

in building such an array has lead to the more conservative approach.

Of all of the specifications in Table 1 , a bandwidth of >600MHz appeared

to be the most di ff i cul t to meet. The arra y an tenna , steered by 2-r modular

phase shift , is a limiting factor to the bandwidth achieveable. Much of our

ear ly work was directed toward solving this problem and several schemes appeared

to show promise. Time limi tations dictated that the emphasis be placed on the

characteristics of the non—linear varactors .

It was assumed that the radiometer is to be scanned in one direction and that

formation of the beam in the non-scanned direction would be done with a parabola.

Regardless of how thi s i s to be accom p l ishe d , this report considers that there

will be some n output ports available from a linear array that are to be

elec tronically scanned.

6
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Table 1

RADIOMETER DESIRED PERFORMANCE

ARRAY

Size 36’ x 36”

Beam An gle from Broa d s id e 0

Type NP

Bu i lder NP

MAXIMUM SCAN SPEED 60/Sec

SCAN ANGLE > 100°

SYSTEM BANDWIDTH (3 dB) > 600 MHz

GAIN > 70dB

BEAM SPREAD TO EDGE OF SCAN < 2:1

SYSTEM NOISE FIGURE

With Radiometric Amplifier (2.5 dB) < 6 dB

For Scan System Only < 1 dB

SYSTEM LOSS (Include dissipation and VSWR ’s) < 2 dB

EFFICIEN CY (Amount of energy reaching detector
compared to standa rd antenna) > 7O~

SIDELOBE LEVELS

First Sidelobe < -22 dB

Avera ge Sidelobe < -30 dB

BEAMW IDTH < 0.8 0

D imens i ons 36 ” x 36” x 4”

Weight < 75 lbs.

POWER < 200 W

NP - No Preference 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 
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II. UPPER SIDEBAND UP-CONVERTER

The building block of the array scanner is a varactor diode operating as a

nonlinear capacitor in the upper sideband up-converter mode . It has as its

inputs , the signal from the antenna port (f1) and a pump signal (f2 ) purposefully

inserted to vary or pump the nonlinear capacitance. Because of the nonlinearity

these signals will , i n general , generate a set of frequencies equal to mf1 + nf2 ,

where m an d n are i ntegers. In an id eal case the power flow at the var i ous

frequencies is governed by the Manley-Rowe equations written as

rnPmn
~~~~~ E 0 (1)

mf 1 + nf2
m = o  n o

nPmn 
=~~ (2)

n = o  m = o  mf1 +nf 2

By assuming circuit conditions such that power can flow only at frequencies

f1, f~, and f3 w here f 1 + f2 = f3 (the upper sideband up-converter mode ) the

above equations reduce to

1 P1 1 P1 ~ P1 P3
+ ‘ = —  + —  = 0  (la)

1 f1 lf 1 + if 2 f1 f3

8 
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1 P0 1 1 P 1 ~ 
P2 P 3

‘ + ‘ — = — + —  = 0  (2a )
1 f~ lf 1 + lf , f 2 f 3

From equation 2a it can be seen that when the pump power P2 is applied

to the diode ( i.e. P2 is positive ), then P3 is negative. P3 is supplied by

the diode at frequency f3. A negative P3 in equation la is a1~o consistent

with a positive P1 (the antenna si gnal) and therefore both inputs have positive

resistance. The device is stable , the main reason for choosing this mode.

The max imum ava i la b le power gai n I’3 is given by equation la as
P1

f3/f where f3 > f1. Because the si gnal frequency f1 is 35GHz, the gain

will be limited by not allowing f3 to exceed practical circuit capabilities.

Therma l noise is introduced via the series resistance of the vat-actor diode.

Follow ing the analysis of Penfield & Rafuse , the expression for the optimized

noise temperature is given by.

,

~ ~~‘ r~~’ I I f i \ ~~
Ta = Td ~ + 11 + (_ _ _ _ _

) ~
‘ (3)

( m~f~ Lm ifc ‘V \rnifcj  ~‘

where

Ta = effective diode noise temperature

Td = diode junc ti on tempera ture

= 35GHz

= d iode cutoff frequency

m 1 = pumping parameter

0
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This equation is independent of the pump frequency f2 an~ tne out~~ t

frequency f -.. It can therefore be used to determine the proper var a :tc - diode

and the method of pumping which are incorporated in the term m 1 f~ . Si nce

m
~
fc is in the denominator it should be maximized to reduce the apparent noise

temperature. It also turns out that a maximum mlfc ~i1l reduce the diode

junction temperature. The parameter m 1 can have a value of 0.25 if we choose

an abrupt junction varactor and pump it w ith ~ sinusoidal current. The cut c f f

frequency 
~ 

of the diode is a function of the junction capacitance and the

series resistance. Picking an expitaxial GaAs varactor , a value of fc = 900GHz

is possible.

The gain of the up-converter is gi ven as

I / m~f~ \2 1 1/2
L ‘~~~~~ ‘
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  —_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I ~1 / f 1 \ 21 
~ 

f 1 / f 1 \2 m
~
f 1

I—  + 1 +
~~~~~~~~~~~

} J J— + 1 +
~~~~

—)  + - —- J (4)
Lm 1 fc \mi fc/ J Lm i fc \m i f~/ 

f3 J

which from previous constraints reduces to

6.51
(4a)

1.17 (1.17+ 

~~~
Choosing ~~~ results in a maximum gain of 6.8dB ~or this case. However ,

choosin g the output frequency f~ also specifies the pump frequency f- since

f1 + f2 = f 3 .

10
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The choice of values for f2 or f3 must be based on other considerations

than gain . The pump frequency f2 is related to the power required to pump

the varactor diode. For a fully pumped (sinusoidal current) abrupt junction

varactor the power required is

2

P (watts) 12.5 
(—;~-_) (5)

Equati on 5 i nd i cates that as f2 i ncreases the requ i red pump power wi ll i ncrea se.

An increase in pump power will produce an increase in the junction temperature

wh i ch from Equat i on 3 wi ll i ncrease the noi se temperature . It wi ll also

decrease the diode life (MTBF). In general the low pump frequencies are

advan tageous except for gain . One more constra i nt on the choi ce of pump

frequency is the circuit. Earlier it was assumed that power flows through

the varactor at f1, f2 & f3. No harmonics or subharmonics are allowed.

For the requi red bandwi dth , the separa tion of allowa ble frequency ban ds by

simple low loss fi l ter ci rcu it s must be physi call y wide or some overl ap i s

bound to occur . Fi gure 2 depi cts some of the possible channels in whi ch

currents might fl ow . Although there are other possib ilities , the pump frequency

was chosen as f2 = 14GHz. From Figure 2 it can be seen that this choice wifl

facil itate circuit construction by allowing reasonable band separations.

Choosing f2 au tomat i call y fi xes the outpu t frequency f3 = 49GHz. The ef fect ive

noise temperature Ta (Equation 3), the gain G (Equation 4a) and the pump power

(Equation 5) can now be calculated and for this case are tabulated in Table 2.

11
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RE QUIRED CURRENT FLOW ~ ~~ 14 49

RESTR I CTED CURRE NT FLO W t

f f3

3f2 - t i 2f 1 . f 3
- 

~ 2 f 1 - f2 2f 2 3f2 4
~2

I 
~o 

- 

40 50 60

FRE QUENCY IN GHz.

FIG. 2 FRE QUENCY CHANNELS OF THE USUC
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TABLE 2

UPPERSIDEBAND UPCONVERTER PERFORMANCE

Ta - Td x 0.36 = 1O6°K where Td = 292°K

G = O .97 = 0.l3dB loss

P 3mW

To justify taking the diode junction temperature as 292°K , the assumption

is that this diode operates similarly to others . It has been shown that a 7um

GaAs Schottky Barrier diode will have a temperature rise given by

AT. ’\~ 54O P = 2°K (6)

The correspond ing MTBF for a p~ n-GaAs vat-actor is given by

MTBF ~ 7.7xl0
7 exp l .l8x10 5 

~ lO~ years (7)

Pump power requi red for the total array at 3mW/stage i s less than 1 watt

for an array of approximately 128 stages. An additional bias of 2 volts D.C.

will be required on the vat-actors. This then is the basic building block of

the array.

13
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III. THE RECEIV ER NOISE TEMPERATURE

W i th the USUC speci fied , the effec ti ve noise tempera ture from the antenna

terminals to the IF will be estimated. Fi gure 3 is the block diagram of this

portion of the radiometer. The low noise amplifier is inserted after the

power combiner to mask the noise of the down converter and the IF. Here only

one amplifier is needed and the luxury of a somewhat unstable negative

res i stance hi gh ga i n ampl i fier can be util i zed . The numbers assigned are

somewhat arbitrary but hopefully reasonable.

The corporate combiner is considered to have 1.5dB loss (Gcc = 0.71)

and by assumi ng an ambi ent temperature of 290°K wi ll have an effecti ve

temperature of

Tecc = 
Tamb (l—Gcc) 

= 
290 (l— .7l) = )l8°K (8)

Gcc .71

An uncoole d paramp with a down conver ter is assumed to have a no i se fig ure

of 3dB(2) and a gain of 10dB (GPADC = 10).

.
~
. TePADC = To (F-i) = 290 (2-1 ) 290°K (9)

The IF amplifier has a noise figure of 2.5dB (1.78)

;. Te IF = To (F-i) = 290 (1.79-1) = 226°K (10)

The cascade noise temperature of Figure 3 can now be calculated as

~~~ ‘4
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ANTENNA ARRAY
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[~~~ VE RT ER
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FIG. 3 SIMPLIFIED RADIOMETER BLOCK DIAGRAM
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Tn = Tauc + 
~~~~~~~~~ 

+ Tepadc + GucGccG padc (1’)

106 + 118 + 290 + 226
— 

~~~~7 .97x.71 .97x.7lxlO

= 106 + 122 + 421 + 33

= 682°K

The noise figure referred to the input terminals of the up-converter is

+ 1 ~~~~~~ + 1 = 3.35 cr 5.25dB. (12)

From the above equat i ons it can be seen that a simple gai n of 2 i n the

upper sideband up-converter instead of Guc = 0.97 would have reduced the noise

figure to 4.2dB. A further reduction of the pat-amp down converter noise fi gure

to 2dB woul d then yi eld a 3.1 dB noise fig ure at the i nput termi nals . Many such

specula tions have been consi dered and di scarded because they were cons id ered not

feasi ble at the present time.

16
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IV . A SIMPLE SCANNING ARRAY

In Figure 1 the purpose of the Huggin ’s array is to provide pump power to

the up-converters with a controllable phase difference between adjacent terminals.

The easiest way to accomplish this function is with the use of a tapped delay line

shown in Figure 4. The delayline is arranged so that at some frequency f2 each

output port is exactly 2nir delayed in phase from the preceeding port. At f2

the ports are then effectively at the same phase. As the frequency f2 is

increased or decreased the wavelength on the line will decrease or increase and

a progressive phase sh i ft wi ll occur between the ports at thi s new frequency.

The major drawback to this approach is that the instantaneous bandwidth is

lim ited if a narrow beamwidth is required. There is also an aperature effect

that puts a restriction on the bandwidth which for scanning from broadside in I 
-

one direc tion tends to cancel the limitation of bandwidth caused by frequency

scannin g. This apparent cancellation was investigated in an effort to obtain

the required >600MHz instantaneous bandwidth but no definite conclusions were

made .

Fi gure 5 shows how a seri es delay l i ne frequency scanne r could be i mplemente d

to produce a constant IF channel frequency.

17 
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f 2 ~~~~~ 
(f 2)

0 0 0 0

t~~~~ 2 L L L L L
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FIG. 4 TAPPED DELAY LINE
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ANTENNA INPUT ~ fi

i i i
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FIG. 5 SERIES FREQUENCY SCANNER PRCDUCING CONSTANT LF. C HANN E L
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V. THE HUGGI N’S SCAN NING ARRAY

The Hugg in ’ s scanning system is based on the series delay line scanner but

has the advanta ge hav i ng a constant output frequency f- through all scan angles .

Figure 6 is a schematic of the Huggin ’s scanner. Detai ls of the math are in

Appendix A. The important result is that by changing the input frequency

the relat i ve phase d i fference between outp ut ports can be var ied withou t

changing the output frequency . If it is desired to change the output frequency ,

this can be done by changing fx independent of fy. The output frequency f~,

at all ports , i s always 2fx. Two such systems have been constructe d at NSWC/WOL

w i th p redi c tab le results . i f thi s scanner were to be implemented i n the array

as shown in Figure 1 the instantaneous bandwidth of the system would be limited

by the “aperature effect .” That is , since the antenna size is fi xed and for a

given beam angle the phase difference is fixed , a change in frequency off center

frequency (instantaneous bandwidth) will cause the beam to move in space .

The resul t -i n numer i cal terms is , when the beam scans to 600

Ins tantaneous Bandwidth (
~

) = Beamwidth (degrees) (13)

— 100 = e0 (3dB) (l3a )
fo

As a rad i ometer , the instantaneous bandwidth must be limited to keep the beamwidth

wi thin its desired size. From Tabl e 1 ~f is calculated to be < 280MHz which is

inst~fficient.

Suppose now that one sweep of a given terrain i s made with the Hu ggi n ’s

array and this information is stored. Then a second sweep is made with the

array of the exact same terra i n but th i s ti me the freq f~ is shifted by 280MHz.

20 
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If this information is then added to the stored information the effective

bandwidtn wi l l now be 2x280 = 560 MHz. Here bandwidth is traded for time which

wi ll not improve the sensitivity of a radiometer since (r.f. bandwidth x integration

time ) if a factor in the sensitivity .

Ho weve r, su ppose f 2 could be simultaneously two frequencies each with their

own proper differential phase shift to be looking at the same cell on the ground.

Then the integration time could be left at its maximum permissible value and the

r.f. bandwidth could be increased. It is similar to stagger tuning an interstage

coupler. With the Huggin ’s scanner this is easily accomplished by duplicating in

parallel everything below the points AA ’ in Figure 6. The low noise amplifier ,

where the instantaneous bandwidth is limited , mus t also be dupli ca ted i n parallel

to accept the second band of frequencies . The extension of this concept to three

or more fre quenc i es is  s tra ig ht forwar d. T hree fre quenc i es are more than

adequate to satisfy the > 600 MHz bandwidth requirement of Table 1.

One other feature of a p lanar scanned phase d arra y an tenna that i s bothe rsome

to sys tems des ig ners i s tha t the beam broadens as it scans away from b roa ds ide .

For an aper ture lar ge com pare d to wavelen gth and a scan an g le from broa ds id e

an approximate expression for beamwidth is

~3dB (Scanned to ® ) = 
93dB (measured at broadside ) (14)

0 Cos o0

The Huggin ’s array can be arranged so tha t the bearnwi dth w i ll rema i n cons tan t

throu gh all angles . Viewing the problem backwards , it could be said that the

beam tends to narrow as it approaches broadside. That being the case , the

problem then is to broaden the beam electronically. The control frequency fy

22
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of the Hugg in ’s scanner determines the position of the beam in space. If fy is

com pose d of two fre quenc i es , fy1 and fy2, t here wi l l  then be two s imul taneous

beams defined in space. When fy1 and fy2 are closely spaced in frequency , the

beams will overlap and appear to be one broadened beam in space. As the

frequencies are made to converge to fy, the beam w i ll narrow to the w idt h

defined by the aperture . By controlling the convergence of fy1 and fy2 to

be a function of Cos® 0, the array effect of Equation 14 can be cancelled and the

beam size remains constant over all scan angles . Again the extension to more than

two frequencies (fy1, fy2, fy3 . . . )  is straight forwa rd. The control of the

beamwidth by f2 has the same action as a zoom lens camera . Utilizing this

procedure requires an increase in array size to produce a given bearnwidth at

broadside.

23 
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V I .  E SCUSS ION

In a rad iometer app l i ca tion the Hu ggi n ’s array utilized as the pump for an

array of unconverters has some definite advantages . The low noise capab ility of

the upconverters in a system has been calculated and the flexible control of the

Huggin ’s arra y as the pump has been demons trated . Mo difi ca t ions of the two

s imp le f requenc y con tro ls  lead to an in crease in si gnal bandw i d th and bean sha pe

control.

The outstanding question is , can these numbers be reproduced i n hardware

performance at 35 GHz and at an afforda b le pr i ce . The Hu ggi n ’s array has a

max imum fre quency of 14GHz at it s out put but most of it s s i gnals are below half

th i s value . S i nce transm i ss ion losses i n th i s reg i on are reasona b l y low no

s pecial  d i ff i cul ti es are apparen t. The upconver ters opera te at a max imum

freq of 49Ghz where line losses are very serious , especially for low noise

circuits . It is therefore suggested that the upconverters performance in

practice be demonstrated as a next step. From there a more realistic performance

and price could be determined. 
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VII . APPENDIX A

Referring to Figure 6 the input frequency fx and fy can be written as

fx X S i n 
~ xt + (15)

fy = V Sin 
~ yt + 

~y) (16)

These frequenc ies are mixed to form the sum (
~) and (~

) which are separated

and directed to trave l opposite directions on the del ay line. The sum and

di fference s ignals can be writ ten as

z A Sin (w
~ 

+ ~~)t + + (17)

= B Sin (w
~ 

- w~ )t + - (18)

The power cou p lers for the sum channel are assume d to coup le only s i gnals

travel ing i n the sum d i rec t ion  and are p lace d symmetr ica l l y a l ong the dela y l i ne .

The same is true of the difference couplers . At any two arbitrary and neigh-

boring sets of couplers labeled n and n+l the sum channel can be written as

Coupler n Zn = A ’Sin ~ + w~)t + 
~n 

(l9~

Coupler n+1 = A” Sin (
~ + wy)t + 

~n 
+ ( 20)

where -
~~~~~ is  the phase chan ge resul ti ng from the delay path (d) between

the couplers and is given by

d
- — (

~ +
~~~) 21Z V X y

25 
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Assuming that the difference channel t~. travels the delay line with the

same velocity as the sum channel but in the opposite direction then at the

couplers it can be written as

~n+l B’ Sin (w
~ 

- Wy )t + 
~

‘
n 

(22)

~n 
= B” Sin 

~ x 
- w~)t + 

~
‘
n + (23)

j where = 
~~

- (w - w~,) 
(24)

Since the paths that each signal follows from the coup lers to the

upconver ters i s symmetr i cal the fore goi ng ex p ress ions can be uti l i ze d as the

inputs to the up-converters . The up-converters act as a non-linea r mixers where

the sum frequencies of their respective inputs are separated as outputs . The

outputs n and n+l can be written as.

Out put n = C S i n [ (
~ + uy)t + 

~n 
+ 
~ x 

- u~ )t + 
~

‘n +

= C Sin [ 2w~t + + 4 ’
n + (25)

Output n+l = C’ S-in 
~~ 

+ ~,)t + + + (w
~ 

- w~ )t + 
~

‘
n]

= C’ Sin {2w~
t + + 

~
‘ n 

+ (26)

26
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The amplitudes C & C’ can be adjusted to be equal , i ndependently of

frequency and phase. Both outputs n and n+l have th~ frequency f2 = 2fx and

thus fx i s the fre quenc y con trol . The dif f eren ce i n phase be tween the two

adjacent ports can be seen to be

~~~~~~~~~ ~~~~~~~~ fy (27)

The fre quency control of fy is  therefore the beam steer i ng con trol of the

array.

27
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