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I.   INTRODUCTION 

The feasibility oi coherent arrays of high-performance multi- 
element heterodyne receivers using 4.2 K Ge:Cu photocondixtors and C0o 

lasers has been demonstrated by AIL on two previous ARPA/ONR programs 
(contracts N00014-68-C-0273 and N00014-70-C-0407).   The objective of the 
present program was to further extend the technology required to build 
large, high-speed, heterodyne, matrix array receivers using 77 K photo- 
diodes for 10.6-^m laser radiation. 

The contract called for the following: 

• Examine high-density cabling techniques and test a 
breadboard for thermal and electrical characteristics 

• Perform a thermal analysis for matrix arrays de- 
signed for 77 and 4.2 K, and 150 and 1500 MHz oper- 
ation with 10 x 10 elements to determine the cooler 
requirements.   Testing a thermal mockup of the 
77 K, 1500-MHz, 10 x 10 array 

• Initiate a design for a 10 x 10 element array assuming 
77 K, 1500-MHz photodiodes.   Parametric tradeoffs 
would be performed to determine size, weight, opti- 
cal requirements, and thermal requirements 

• Mount and test, in a subassembly matrix, four 
150-MHz HgCdTe photodiodes 

• Investigate image plane dissection techniques appro- 
priate for matrix arrays of 100 elements or larger 
toward the goal of batch processing the image dis- 
sector 

In the earlier work, copper-doped germanium photomixers 
were mounted in a two-dimensional array structure and cooled to 4.2 K. 
To achieve nearly quantum noise limited sensitivity in the photomixers, 
200 mW of local oscillator (LO) and dc bias power were required (Sec- 
tion VI).   This represents an internal heat load of 20 W for a 10 x 10 array 
of photomixers.   In addition, the heat leak of 100 coaxial cables that con- 
nect the cooled photomixer to the room-temperature preamplifiers adds 

i 
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another 3 W. This heat load of 23 W near 4. 2 K represents a very signifi- 
cant cooling requirement with resultant high cost, size, weight, and cooler 
sophistication. 

The recent development of PV-HgCdTe photomixers at 77 K 
with high-frequency response and much lower LO power requirements 
makes the adaption of the array technique for use with these photomixers 
advantageous.   The reduced cooling requirement of about 2 mW per photo- 
mixer or 200 mW for a 10 x 10 array makes the interconnecting coaxial 
cabling heat load of approximately 2 W the limiting requirement.   This 
load of 2.2 W near 77 K does not present a problem since small aircraft- 
type coolers are available in the 80 K range with cooling capacities of up 
to 5 W. *- r 

This report covers the adaption of the heterodyne array prin- 
ciple to 77 K photomixers and discusses the following areas pertinent to 
the use of PV-HgCdTe photomixers: 

• Uniformity of response of a five-element array of 
PV-HgCdTe photomixers with equal LO power, 
tested on a subassembly of the 1500 MHz, 77 K 
array design 

• Thermal analysis of the array mount for 150 and 
1500 MHz response photomixers 

• Telescope design to match the optical requirements 
of the 10 x 10 PV-HgCdTe array 

In addition to this, other techniques involved in the array design 
were further investigated and include; 

• High-density cabling techniques aimed at low elec- 
trical crosstalk between elements, low thermal 
conductivity, and low electrical loss 

• Image plane dissection techniques aimed at batch 
processing the microlenses for use with an array 
of 100 elements or larger 

• Thermal analysis of 4.2 K arrays with either a 
150 or 1500 MHz frequency response 

Bk^ ^^^^ - — j-... ^^g^ui^^^ii^i^^^u^ 
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II. EVALUATION OF PV-HgCdTe PHOTOMIXERS 
AS ARRAY ELEMENTS 

rTo Perlorm effectively, the elements in an array of detectors 
must have fau-ly well-matched characteristics.   However, the imposition 
of tight uniformity specifications on detectors can decrease the manufac- 
turer s yield to the point of making their cost prohibitively large.   For this 
program   it was decided for economic reasons to approach this problem bv 
setting only one extreme value for each key parameter and after testing 
make adjustments in the operating point of the photomixer to achieve nearly 
matched performance. 

To test this approach, a subassembly of five HgCdTe photo- 
diodes was constructed.   These detectors were purchased without any 
uniformity specification, only the following characteristics were specified: 

• Minimum quantum efficiency 

• Minimum cutoff frequency 

• Minimum reverse to forward resistance ratio 

• Square photodiode geometry with maximum side 
dimensions specified 

These photomixers were then measured extensively in the laboratory to 
determine their frequency response, heterodyne NEP, quantum efficiency, 
and cutoff frer,  .-ncy.   Upon completion of the individual detector measure- 
ments, the photomixers were selectively biased and IF amplification 
chosen to match the mixing responsivities between mixer channels.   With 
equal LO power applied, the responsivities as a function of frequency were 
measured to determine how well the photomixer channels could be matched 
m an array.   These results are as follows. 

A.       PHOTOMIXER CHARACTERISTICS 

The five PV-HgCdTe detectors were tested at 77 K and exhibited 
the characteristics shown in Table 1. 
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TABLE 1.   PV-HgCdTe DETECTOR CHARACTERISTICS 

Area cm 

Forward 
resistance 
(ohms) 

Reverse 
resistance 
(ohms) 

Forward 
to reverse 
resistance 
ratio 

D* 
cm Hz1/2/W 

Xmax (urn) 

500 at 
-0.400 V 
bias 

0.032 

200 at 
-0.300 V 
bias 

0.035 

8.7 x lo" 

11.9 

1500 at 
-0.400 V 
bias 

0.01 

6.1 x 10 

12.05 

.9 
1.37 x 10 

10.5 

,10 

260 at 
-0.400 V 
bias 

0.035 

1.3 x 10 

10.2 

10 

800 at 
-0.500 V 
bias 

0.012 

2.1 x 10 

10.5 

10 

The detector areas and front to reverse resistance ratios were 

^^^Z^^ff-^^- to 9 x 10- em^ IZ 

were extracted from these c^ves^ ft .fVeVerSe Slope distances 
verse resistance ratios were muC^ss S n'f6"^^the front to re- 
are of a high quality for HgCdTe detectors * Indlcatin8 ^ '"e diodes 

H.V2/W    J116 D* '" aU the detect0-s ™= Boater thai, 6.1 x 109 cm 

12.1 um. P      sensitivities occurring between 10.2 and 
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B.       PHOTOMIXER FREQUENCY RESPONSE 

i 

Frequency response measurements were performed on the 
five photomixers using an indirect noise measurement technique (refer- 
ence 1) in which the ratio of the thermal noise to the receiver noise (de- 
fined as the sum of thermal noise and shot noise) was measured.   From 
the measured data, the ratio of shot noise to thermal noise for the receiver 
was calculated and is given in Figure 2 for the five photomixers.   The 
mixer responsivity directly follows the shot noise to thermal noise curves 
because the IF signal power is directly proportional to the mixer shot 
noise power.   From Figure 2 it can be seen that the mixer shot noise is 
approximately constant up to 100 MHz with all of the mixers exhibiting a 
6 dB/octave rolloff, characteristic of an R-C limited photomixer.   Mixer A 
is the one exception to the constant shot noise below 100 MHz, and the un- 
usual behavior of mixer A can be attributed to an excess amount of 1/f 
noise which can be seen in Figure 3 to extend to about 70 MHz.   Since the 
1/f noise is greater than the thermal noise of the amplifier below 60 to 
70 MHz, and is independent of LO power, it will lower the P /P u ratio. 
This ratio decreases for increasing 1/f noise. th 

This, however, does not mean that mixer responsivity is de- 
creasing from 20 to 60 MHz and must be disregarded when comparing the 
relative response of the mixers at low frequencies.   An example of the 
typical 1/f noise behavior of acceptable detectors is shown in Figure 4 
for mixer B where the 1/f noise falls below the level of the thermal noise 
at 70 kHz.   This drastic difference in 1/f noise performance between de- 
tectors indicates that a 1/f noise performance specification should be 
imposed upon the detector when a large array is being implemented. 

The cutoff frequencies for the particular bias points chosen in 
Figure 2 fall between 190 and 320 MHz where the cutoff frequency is 
defined by the intersection of the 6 dB/octave rolloff asymptote curve 
and the constant low frequency shot noise level.   These cutoff frequencies 
were remeasured for several bias voltages for each mixer with the results 
shown in Figure 5.   Using this dependence on bias voltage, the cutoff fre- 
quencies of the mixers can be adjusted to be equal for all mixer channels 
of an array.   This is a powerful tool for improving the uniformity between 
mixer channels and is discussed further in paragraph D of this section. 

C.       MIXER SENSITIVITY 

The heterodyne mixer noise equivalent power (NEP) was mea- 
sured directly at 20 MHz for the array using two C02 lasers in a heterodyne 

setup with a fixed frequency offset of 20 MHz.   Each mixer was illuminated 

 „^ ^ 
——r—* -■ 
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by the same fixed amount of LO power computed from a fixed LO power 
density at the image plane dissecting lens array.   The LO power used was 
approximately 0. 5 mW per mix:r element.   T'igure 6 gives the measured 

-20 NEP values of the five detectors which range from 8.3 x 10       to 
-19 

1.2 x 10 '    W/Hz.   These values were obtained under the conditions indi- 
cated in Table 2 for the diode current, the photo-induced current, the shot 
to thermal noise, and the normalized sensitivity NEP/P   .  .   The IF am- 

plifier used to evaluate the photomixers was extremely wideband j with a 
frequency response of 10 to 1500 MHz and a noise figure of approximately 
5 dB.   These values of NEP are then representative of a high-frequency 
response system to be used with Doppler offsets encountered with space 
vehicles.   If the application is limited to aircraft with Doppler frequencies 
below 150 MHz, then a relatively narrowband amplifier would be used with 
a noise figure of about 2. 5 dB and mixer NEP would more closely approach 
the quantum noise limited P ^ mm 

9 
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TABLE 2.   OPERATING CONDITIONS OF PHOTOMDCER ARRAY 

Mixer 
A B c D E 

Vpth (dB) 0.1 -0.7 1.4 3.3 4.2 

NEP/Pmin 1.96 2.16 1.71 1.46 1.38 

^otal (mA) 1.5 2.2 0.95 3.05 2.9 

k (mA) 1.3 1.0 0.85 2.0 2.4 

10 
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From reference 2, the PV mixer design equations are used to 
determine P   .   (quantum noise-limited NEP) and the quantum efficiency. 

Equation 1 allows determination of P   .   based upon measurements of the mm r 

NEP and the shot noise to thermal noise ratio. 

NEP = P mm P ^shot 
(1) 

The results of this calculation of P   .   are shown in Table 2 and vary from 
-20 -20 min 

5. 5 x 10      to 7.9 x 10       W/Kz.   From these values of P       . we can 
mm' 

then determine the small signal heterodyne quantum efficiency of the mixer 
from equation 2. 

mm 
-hü 

(2) 

where 

h = Planck's constant 

•• = frequency 

T? = quantum efficiency 

The results of this calculation are shown in Table 3. 

TABLE 3.   SMALL SIGNAL HETERODYNE QUANTUM EFFICIENCY 

Mixer 
Quantum Efficiency (77) 
 (Percent) 

A 

B 

C 

D 

E 

30 

34 

32 

31 

24 

U 
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With the NEP at 20 MHz established, and the ratio of shot to 
thermal noise from 20 to 1000 MHz measured, the calculated NEP as a 
function of frequency based upon equation 1 can be plotted.   This plot is 
shown in Figure 7 and it can be seen that the NEP's of all five mixers are 

below 1.4 x 10"19 W/Hz up to an IF of 150 MHz and below 3.0 x 10"19 W/Hz 
up to 500 MHz.   These results are encouraging since the amplifier used was 
not optimized for the low frequency range of 10 to 150 MHz.   Based upon 
these results, and the 2. 5-dB noise figure of a 10 co 250 MHz preamplifier 
system, performance can be predicted for the optimized case.   The calcu- 
lated results are shown in Figure 8.   From these curves it can be seen 
that the system NEP (that is, mixer/preamplifier lombination) remains 

-19 
below 1.0 x 10      W/Hz over the desired 10 to 150 MHz bandwidth of an 
aircraft Doppler tracking or imaging system.   The system, when used 

19 beyond this frequency range, only degrades 20 percent to 1.2 x 10       W/Hz 
at 250 MHz.   This sensitivity is excellent for the specifications initially 
imposed on the mixers, and it is anticipated that a system with sensitivities 

-19 
of approximately 10      W/Hz could be built using the higher cutoff fre- 
quency photomixers that are available at the present time. 

D.       UNIFORMITY OF MIXER CHARACTERISTICS 

The uniformity of response for five channels of the PV-HgCdTe 
photomixer array was determined from measurements of the mixer respon- 
sivity at 20 MHz and the mixer frequency response using a heterodyne 
measurement setup.   The frequency response has already b^en described 
and is shown plotted in Figure 2.   The mixing responsivity was measured 
at 20 MHz with an equal amount of LO power, 0. 5 mW, on each mixer ele- 
ment, together with a high signal-to-noise ratio (SNR) between 67 and 
70 dB.   The mixed signal and noise are shown in Table 2. 

The signal incident upon each mixer element was a plane wave 
with uniform flux density.   The mixed signal response was therefore cor- 
rected for differences in the mixer sensitive areas as shown in Figure 9. 
The highest response mixer, E, was chosen as the reference channel and 
additional gain at IF was provided to the other channels to equalize the 
mixer channel responsivities before further processing.   The additional 
gain required ranges from 3.9 dP for mixer B to 0.3 dB for mixer D. 
This gain was also applied to the noise, resulting in a 1.8-dB variation 
between channels.   If the system using these detectors included a threshold 
detector, the overall sensitivity would be degraded by the varying levels of 
shot noise plus thermal noise among the channels.   However, this tradeoff 
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FIGURE 7.   ARRAY NEP VERSUS FREQUENCY FOR WIDEBAND 
10 TO 1500 MHz MIXER PREAMPLIFIER COMBINATION 
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FIGURE 8.   PREDICTED SYSTEM NEP FOR A 10 TO 250 MHz SYSTEM 

resulted in matching the mixer channel responsivities as closely as shown 
in Figure 10, which data are derived from the data in Figure 2 by adjusting 
the gain per channel necessary to provide equal mixer channel responsivi- 
ties at 20 MHz.   All of the mixer responsivities follow those shown in Fig- 
ure 2, with the exception of mixer A which had excessive 1/f noise. 

From these curves the variation in response between channels 
is seen to be ±0.3 dB from 10 to 150 MHz for the best four mixers. 
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FIGURE 9.   SIGNAL AND NOISE MEASURED AT 20 MHz 
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1000 

FIGURE 10. UNIFORMITY OF RESPONSE FOR FIVE PV-HgCdTe 
PHOTODETECTORS 

This uniformity of response between channels is excellent and 
can be attributed to several factors: 

• Mixer responsivities can be matched using varying 
IF gain between channels 

• PV-HgCdTe is an R-C Umited device exhibiting a 
characteristically flat low frequency response with 
a 6-dB octave rolloff beyond the cutoff frequency 

• The mixer cutoff frequency is a function of the 
mixer bias voltage which varies the junction 
capacitance 

•   ^u      ^ ^ The 0nly limitation t0 more closely matching the mixer channels 
is their behavior in the neighborhood of the cutoff frequency.   Some mixers 
exhibit a sharp rolloff between the flat and 6 dB/octave region such as 
mixer E, while others such as mixer D exhibit a more gradual transition 
in this region. 
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E.      COOLING REQUIREMENT FOR PV-HgCdTe PHOTOMIXERS 

For the most efficient operation of PV-HgCdTe photomixers 
they must be cooled to about 100 K as seen in reference 2.   To maintain 
the mixers at this temperature, the cooler must handle the power absorbed 
from both the infrared LO and the dc bias source.   The LO and dc bias 
power require, ents are deduced from the measurements in the preceding 
sections for 1C to 150 M^'z operation and from the mixer design equations 
presented in Appendix A. 

1.        LASER LO POWER REQUIREMENTS 

The LO power level is set by the bandwidth requirements of 
the system.   From Appendix A it can be seen that between 0. 5 and 2.0 mW 
per mixer element are required for near quantum noise-limited perfor- 

-19 mance of 10       W/Hz.   Operation at 10 to 150 MHz requires 0. 5 mW, and 
2.0 mW is needed for the full 10 to 1500 MHz bandwidth.   The data pre- 
sented in paragraph C of this section support these results for 10 to 

-19 150 MHz operation where NEP's of 10 '    W/Hz were obtained for a LO 
power of 0. 5 mW. 

2.        DC BIAS POWER REQUIREMENTS 

The dc bias power dissipated in the mixer is due to the diode 
leakage current and the current photo-induced by the LO.   The leakage 
current of present high-speed photodiodes with high reverse resistance 
may be 10 to 20 percent as large as the photo-induced current when the 
diodes are biased below the current breakdown region and LO powers on 
the order of 0. 5 to 2 mW are used.   For a first-order calculation of the 
heat load imposed by a HgCdTe photodiode on a cooler, the dc bias power 
can be neglected since its major component comes from the LO power 
which is converted to electrons in the photodiode. 

Therefore, for 10 to 1500 MHz heterodyne operation, the 
total power dissipation will be 2 mW per mixer element for near quantum 
noise-limited operation at 10.6 ^m. 

F.       THERMAL ANALYSIS OF PHOTOMIXER ARRAY MOUNTS 

1.       DETERMINATION OF THE TEMPERATURE RISE OF A 
PV-HgCdTe MDCER MOUNTED IN A 10 x 10 ARRAY 

The temperature of the detector (Figure 11) is calculated for 
the steady state case by starting with the thermal resistances between the 

17 
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ADHESIVE 
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BeO SUBSTATE 

COPPER BASE 

FEEDTHROUGH 

77   K 
HEAT   SINK 

3-130 

FIGURE 11.  DETECTOR MOUNT FOR 77 K PV-HgCdTe PHOTOMIXER 

mixer with its LO and dc bias power loads and the 77 K liquid nitrogen cold 
sink    From Fourier's expression for heat conduction, the thermal resist- 
ance of a material is determined by the distance the heat must travel through 
the material divided by the cross-sectional area times a constant for the 
material (thermal conductivity).   The thermal resistances for the various 
portions of the heat sink are 0. 55 K/W for the BeO substrate, 1/3 K/W for 
the Cu   and 25 K/W for the KMER adhesive between the mixer, substrate, 
and Cu base.   The temperature difference between mixer and cold sink is 
obtained from equation 3: 

AT = ^QRTh 
(3) 

18 
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For an assumed 2 mW of input heat load due to the incident laser LO and 
thermal resistance of 26.8 K/W, a AT or temperature rise of 0.054 K 
above the heat sink can be anticipated for the fully illuminated PV-HgCdTe 
mixer operating at 77 K.   As a result of this very small temperature rise 
of the photomixer, we can conclude that there will be no deterioration of 
the sensitivities of the central mixer elements of a 77 K PV-HgCdTe photo- 
mizer matrix array. 
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III.    IMAGING ARRAY AND ASSOCIATED OPTICS 

A. TELESCOPE DESIGN FOR 77 K PV-HgCdTe PHOTOMDCER ARRAY 

An optical system has been conceived which permits the construc- 
tion of a 10 x lo array of HgCdTe photovoltaic mixers with a freauency re- 
sponse of up to 1. 5 GHz.   The features of the design include: 

• Ability of the array to be made up of individually 
mounted detector elements allowing implementa- 
tion of the array concept with any number of de- 
tectors to prove feasibility, optimum choice of 
the array elements for a matched or more uni- 
form response from the array, and allows re- 
placement of damaged elements 

• Low optical and electrical crosstalk between chan- 
nels due to the relatively large spacing between 
detectors and the separate coaxial cable outputs 

The optical approach chosen is shown in Figure 12 and is an exten- 
sion of that which was developed under ONR Contract N00014-68-C-0273 
The optical system is basically the same because an image is subdivided by 
an array of square lenses directing all the optical energy from one cell in 
the focal plane to the appropriate infrared mixer element.   However, the 
HgCdTe photovoltaic detectors require a relatively large spacing between 
detectors to provide for mounting and cabling, and to ensure low electrical 
and optical crosstalk. 

Because of this large spacing requirement, a matching lens was 
added to match the diffraction-limited spot in the primary focal plane of the 
telescope to a square image-dissection lens in the secondary focal plane. 
This matching lens effectively increases the 1   -umber of the primary receiv- 
ing optics to provide a diffraction limited disc that matches the image-dissec- 
tion array.   In this way, mixer center-to-center spacings of 7. 5 mm (which 
would otherwise correspond to a telescope f/number of 300) can be achieved 
with a lower f/number requirement on the receiving optics. 

In this configuration, the LO is injected into the system between 
the matching lens and the image-dissection array.   At the plane of the 
image-dissection array, the LO and signal are effectively plane waves with 
matched phase fronts.   These two matched fields are then focused onto and 
mixed in the detector elements. 

i 

: 
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B. 
t^l PATTERNS FOR TELESCOPE WITH 77 K PV-HgCdTe PHOTOMIXER ARRAY ng^aie 

previous section   i/w.       behavior,of the 0Ptical design presented in the 
previous section, it was necessary to mathematically formulate the ootical 
tram and obtam the field patterns of the LO and signal thaTwere mixed Sid 
detected m the focal plane of the Image-dissection^ar ^e rÄ^al 
formulation was programmed on a digital computer to gWe design Sma 
tion for optimizing the array patterns.   The optical efffciencLs ^^adi^ent 
pattern crossovers were obtained in this way. eniciencies and adjacent 

From the array pattern synthesis found in Appendix B, we get: 

I    =C m Sin (co -co  ) t o i /t0   (xx L2   v- Jy) 

(x+Xj)   +(y+y1)' 
1/21 

J 

(x+Xj)   +(y+y1)< 
rV2 

ik/ • e  /: f2 (xx + yy) • dxdydxdy 

which gives the IF signal output from a mixer element located in the focal 
plane of the mic rolens image-dissection array.   This integral was imputed 
to give the far-field patterns for several combinations of £o and signS 
fields.   Three-dimensional plots of the mixed signal output over the detector 
surface were also computed for several angles of arrival of Te s^nal wüh 
respect to one of the image-dissection lenses. g 

Figure 13 shows the value of Im which represents the product 
of the LO and signal field, evaluated at 100 points across the surface of the 

ITLT^ rEaCh 0f the 100-Unit areas was treate<* ** a separate ntor and the integral Im was evaluated at each unit element, with their sumTp 
resenting the IF signal output of the mixer. 

cn„^0 M  i Thie ^r^eters initially chosen were an f/400 telescope, a 
square (1.1 y 11 cm) image-dissection lens f/3.8, and a plane wave LO 
ZlrZ T*™? ^-^sectton lens.   The f/400 telescope approximately 
matches the diffraction-limited spot from the telescope, to the square^e- 
dissection lens rejecting most of the out-of-phase side-lobe energy for t^ 
on-axis case.   Figure 14 shows both the signal and LO fields focused on the 
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mixer.   It can be seen that at the mixer, the signal field [J1(x)/x] approxi- 

mately matches the size of the t'etector while the LO field (sin x/x) is con- 
siderably narrower.   This difference in the diameters of the signal and LO 
spots is due to the different amplitude distributions across the image-dis- 
section lenses.   With the signal spot centered on an image-dissection lens, 
there is little or no energy at the edges of the lens and its effect at the detec- 
tor is to produce a higher effective f/number.   Since the LO gives a uniform 
intensity distribution across the image-dissection lens aperture, and the 
diffraction limited spot size depends directly on f/number, a signal spot 
larger than that of the LO is obtained. 

This combination of parameters introduces an inefficiency in 
that the phases of the signal and LO are not matched across the surface of 
the mixer.   Over the area of the LO airy disc, the signal and LO are both 
in phase and contribute to the IF signal output.   The first side lobe of the 
LO also falls upon the detector surface but it is 180 degrees out of phase 
with the central field of the signal.   The result is that the product of the two 
fields in this region is negative and subtracts from the IF signal output de- 
grading overall receiver sensitivity.   This degradation can be reduced by 
reducing the size of the detector or increasing the image-dissection lens 
f/number.   The detector can then be matched to the size of the mixer airy 
disc rejecting most of the out-of-phase mixer signal. 

To determine the crossover levels between elements of the array, 
the signal airy disc was positioned at the edge of the image-dissection lens 
with half of the airy disc energy falling on a single image-dissection lens. 
Figure 15 shows the mixed signal across the mixer face for this case with 
the same f numbers and plane wave LO as Figure 13.   If the detector was 
reduced in size to more effectively match the on-axis case, it would reduce 
the sensitivity at the crossover point.   The reason for this is that the second 
ring of the diffraction pattern beyond the airy disc will no longer fall upon 
the mixer.   This ring is in phase with the central field and has a significant 
amplitude.   Therefore, a rejection of this ring loses signal power causing 
a loss of sensitivity. 

The second case to be examined has the same signal conditions 
l1/400, f2/3. 8, and image-dissection lens (1.1 y 1.1 cm), but the local 

oscillator field across the image lens was changed as follows.   An amplitude 
taper was applied to the LO making it similar to the Gaussian shaped signal 
field.   This has the effect of matching the focused fields of the LO and signal 
over the mixer surface such that the energy in the airy disc and the side lobes 
is additive to the IF signal.   For this case it is advantageous to collect all of 
the IF signal energy by increasing the mixer size.   Figures 16 and 17 show 
the mixed field across the mixer surface for the on-axis and edge case.   It 
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FIGURE 15.   MDCER INTENSITY AT DETECTOR SURFACE FOR PLANE 
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can be seen that the IF signal airy disc is now larger and better matches 
the detector size. 

The third case is for a plane wave LO, with all parameters the 
same as the first case except for a larger f/number telescope (L/800). 

This case is closer to that of a coherent heterodyne monopulse receiver 
where the signal airy disc is matched in size to a 2 x 2 square array of 
image-dissection lenses.   This case has higher crossover levels and it is 
anticipated that this will not be an effective configuration for obtaining the 
best image resolution for a fixed number of array elements.   It is, however, 
another instructive case which shows a closer match of the LO and signal 
field across the detector with little out-of-phase IF contribution.   This case 
has been measured in the laboratory and data are shown in Figure 2-11 of 
reference 3.   This data agrees very closely with Figures 18, 19, and 20, 
and also shows very clean mixed IF patterns in the focal plane of an image- 
dissection lens array even with the signal airy disc centered on the edge of 
a dissection lens. 

The far-field patterns for the three cases are plotted in Fig- 
ure 21.   This plot shows the integrated mixer outputs versus a normalized 
array element spacing.   The crossovers are: 

LO 
E 

Telescope f/number 

400 

dge Crossover 
(dB) 

Corner Crossover 
(dB) 

Plane wave - 4.3 8.1 

Plane wave 800 - 2.2 -4.8 

Tapered 400 -10.7 -_ 

Since the mixer center to center spacing of 11 mm was reduced to approxi- 
mately 8.0 mm during this program, we can reduce the telescope f/number 
required to produce the crossovers shown above with the resulting crossovers 
for the system described as follows: 

Edge Crossover        Corner Crossover 
LO Telescope f/number (dB)  (dB)  

Plane wave 300 - 4.3 -8.1 

Tapered 300 -10.7 

From this correspondence between the telescope f/number and the crossover 
level, the optimum optical system can be obtained for use with a given array 
element spacing.   This optimum crossover level, however, must still be 
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2-3963 

FIGURE 20.   MKED INTENSITY AT DETECTOR SURFACE FOR 
PLANE WAVE LO, f /800 AND SIGNAL CTNTE^D 
ON EDGE CORNER "IOKHU 
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obtained from a study of image quality for a finite number of individual 
resolution cells.   For tho purposes of proceeding with this program, this 
can be conducted on a future program, since the only change needed to re- 
optimize would be the telescope f/number. 

C.       IMAGE PLANE DISSECTION TECHNIQUES 

Image plane dissection techniques were investigated toward the 
goal of batch processing the elements for arrays of 100 elements or larger. 
Five techniques were studied, with preliminary fabrication and testing being 
conducted where possible within the scope of the present program.   The five 
approaches are: 

1. 

Fresnel lens array prepared by a cold forming technique 

Molding of GeSbSe IR transmitting glass 

Fresnel zone plate arrays 

Batch processing of germanium lenses 

Photolithographic fabrication of thin-film lens arrays. 

FRESNEL LENS ARRAY 

A Fresnel lens was constructed for use at 10 \im to test the 
feasibility of cold-forming techniques.   Previous technology in this area 
has been confined to the visible and near infrared due to a lack of suitable 
materials transmitting in the infrared at 10.6 ]Xm.   A material (silver 
bromide) has been identified which appears likely to fit the needs of the array 
transmission at 10.6 |im.   The material has the ability to cold flow which 
is necessary for the fabrication technique employed, however, it is photo- 
sensitive, changing its transmission if exposed to ultraviolet light for ex- 
tended periods of time.   This does not present a restriction to the array 
application since the lenses will be located in a dewar flask behind a ger- 
manium window.   The Ge does not pass the ultraviolet so that no deteriora- 
tion of the lens is likely to result. 

Tests were performed to evaluate the lens for the application 
of image dissecting for the 10 * 10 array program.   This lens was illum- 
inated with collimated radiation at 10.6 |im for various aperture.sizes.   The 
primary focal, length at the operational wavelength was found to be 3/8 inch. 
The intensity distribution at the focal plane (Figure 22) was obtained by 
scanning an 0.008 inch, square detector across the plane.  It can be observed 
from the figure that as the f/number increases (aperture diameter decreases), 
the spot size decreases.   This occurrence indicates operation far removed 
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FIGURE 22.   DISTRIBUTION AT FOCAL POINT OF FRESNEL LENS 
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from the diffraction limit performance reauired    TW fhQ f/1 c 

Fresnel lens in front of it was measured to be Ju 199.   In the ideal case 

this ratio of energy collected for the two optical schemes is HIP -a«« «* «, 
areas intercepting the collimated beam.   TlStmÄto a^Ä g^ 
of 766.   Taking the ratio of the measured value and dividing bX WeS 
case value, a measure of the efficiency of the lens is obSed 

Efficiency =^|| = 0.26 

This 26 percent efficiency indicates that most of the radiation is d\ffr*rt** 

required m this area to raise its performance ioZcmZeis * 

2-        MOLDING OF INFRARED GLASS 

The molding of a GeSbSe glass array has been investio-atpH »nH 

^aTabüi : ora11316; J*™^ n0 lenS arra'was ^icTe^lo ^e 
moTd^i.^    SU^ble S0UrCe Presently h^ing sufficient experience in 
contract to eÄ th    . Tf 0f the PreSent pro^am is such ^t a sub- contract to explore this technique is not called for at this time. 

The material's transmission is 65 percent (1 to 11 um^ wifh 

c™t™iiioj:erances wi11 be set by the master»»" -hich ciir;us
y pSy 

3.        FmSNEJLLZO>rej>LATE ARRAYS 

00.f     *      Fresnel zone plate arrays can also be used for the imaee-di«? 
section technique with fabrication techniques well within tLstatTof the a"rf 
ene^vÄf^ "T ^ d

f
isadvan^e ^f a high opticallos   0 the signer 

zonef (It ^ Mtetha
0t?hfle^tl0n 0f the energy fr0m alternate out-of-pS zones.   It is felt that this loss cannot be tolerated in a high sensitivity receiver 
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4-       BATCH PROCESSING OF Ge LENSES 

The batch processing of individual square germanium lenses 
can be accomplished with sufficient tolerances to ensure a minimum buildup 
of dimensional tolerances across the array.   However, the area of potent 
difficulty m using this approach is the control of the center-to-center spac 
rng of the focused spots in the focal plane.   Any cocking of the lens or shift 
m optical axis from the lens center will shift the position of the focused spot 
off the desired optical axes of the array. "t-usea spot 

5. PHOTOLITHOGRAPHIC FABRICATION OF LEN^S 

Photolithographic techniques for the fabrication of a thin film 
lens array have come about as a result of the utilization of integrated cir- 
cuit echnology.   The lens profile is approximated by an N-step phase 
MT.H  ;0n

f
Wlth the}^ers formed by successive photoengravings using 

a eT^iÄTJ0,   ^Perimental results by d'Auria and othe^ ^ow a 63 percent diffraction of the mcident energy into the main focus of the 
lens for a four-level lens as compared with the theoretical 81 percent 
This resultant 63 percent efficiency is judged to be below that already"feasible 
using several of the techniques described previously. leasmie 

fh.f «,       , ?aS!d T" the data available ^ this point, we must conclude 
that the relatively low efficiency yielded by the Fresnel zone plate arrays 
and the photolithographic thin-film lenses make them impractical for a near- 
quantum noise-hmited array. 
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conducted wherevern
mb;ent temPerature IP preaS2^e,liCally cooled 

was done for a ?n    h
PraCtlCal to che<* the toi^f111161;8'   Tests were 

cable    The
Or

tw
a
in

50rp
oh

H
m ^ lead cable and afo^ reSUlt£-   The an^ysis 

inch m diamerer -     ^ COnsisted of stinted S(;miri^ coaxial 

A-      la£fiMALCONaDERA3TOiS 

given in Figure02?ariSOn 0f the Uler™>l conduction fn   >- 

the ratio of the hont i^u ?   the coaxial cable tran^Wo i/c
20 cm' the 

the difference in thl   K 
d ^tV/een the two types of r.hf     14' 5 mW-   While 

agreeinfwifh 1 measure1 heat load wasl? 8 ^u, rUCtUre sho«"''" 
treeing with the caiculated value of 28 5 Iw        Per Coaxial «*'«, 

iFÄz
5 f0Sf~.ttrla^r ^Tle^is *™ •» 
'   The Coaxial "ne « seen to have a deff„ ^TCleS of 150 ^ 

definite advantage of providing 

1 
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3-126 

10 12 14 16 18 
CABLE   LENGTH   (CENTIMETERS) 

FIGURE 23.   CALCULATED HEAT LOAD VERSUS CABLE LENGTH 
FOR COAXIAL AND TWIN-LEAD CABLES (SHEET 1 OF 2) 
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FIGURE 23.   CALCULATED HEAT LOAD VERSUS CABLE LENGTH 
FOR COAXIAL AND TWIN-LEAD CABLES (SHEET 2 OF 2) 
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3-1104 

FIGURE 24.    10  •   10 ELEMENT ARRAY STRUCTURE WITH 
MJCROCOAX CABLING 
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3.2 

6 8 10 12 14 

3-128 LENGTH  OF  CABLE  BETWEEN  PHOTOMIXER AND  AMBIENT   (CENTIMETERS) 

FIGURE 25.   CALCULATED ELECTRICAL LOSS VERSUS CABLE 
LENGTH FOR COAXIAL  AND TWIN-LEAD CABLES 
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lower electrical loss for the particular transmission lines considered 
losTX^V1 K-   Mfasu

K-
ments were carried out on the electrical 

loss of the 50-ohm coaxial cable and the measurement results are compared 
to the calculated values in Table 4. compared 

TABLE 4.   MEASURED AND CALCULATED ELECTRICAL LOSS OF A 
12-FOOT LENGTH OF 50-OHM COAXIAL CABLE* 

IF Frequency 

(MHz) 

150 

1000 

1500 

Electrical Loss 

Calculated (77 to 300 K) Measured (300 K) 

Mi (dB/ft) (dB) (dB/ft) 

4.86 

15.5 

0.405 

1.29 

6 0.5 

15 1.25 

19 1.58 

*The stainless steel outer conductor has a diameter of 0.034 inch and a 

offSoTinch *003 inCh-   ^ C0PPer Weld inner COnductor has a dTameter 

tween 300 ^VK    M' "* ^T^ transmiss^n lines considered be- 
Ic Jfh   ™    I    '   Measurements were carried out on the electrical 
oss of the 50-ohm coaxial cable and the measurement results are compared 

to the calculated values in Table 4. compared 

1 Sft Hn/fl .At an IF *re<£ency of 1500 MHz, the measured loss was 
IF of 1^0 MHT^H

1,
     

t0 the C/lculated value of I- 29 dB/ft.   Similarly for an 
^1. , ^     f' the measured signal attenuation was 0. 5 dB/ft and the 
calculated value was 0.40 dB/ft.   The discrepancy can, in part   be attributed 
o an approximation made in the calculations whereby i warassumed that 

the center conductor was composed entirely of copper.   In actS   part of 

its center core contained a layer of stainless steel    Since the resfsti^itv of 
addftin 1S/H0Wer ^ B^e1' the Calculated loss *™ ^ accordingiriowe?   In 
hPnpfTV     measure

1
d loss was for a 300 K coaxial cable not havinnhe' 

beneüt of one end cooled to 77 K which reduced the average loss per unit 
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An analysis of the crosstalk between twin leads was performed 
for the worst case condition where the two lengths of cross-coupling cables 
were a quarter wavelength long at the particular IF frequency.   The resul- 
tant crosstalk for cables separated by twice the conductor spacing was 
-11. 5 dB for the 50-ohm twin lead cable and -13 dB for the 300-ohm twin 
lead line.   The resultant crosstalk measured for the 300-ohm twin-lead 
cable was -15 dB which was in agreement with the calculated value of 
-13 dB for cables separated by the same spacing. 

For the case of a liquid nitrogen-cooled photomixer and an IF 
frequency of 1500 MHz, it can be seen that the 50-ohm coaxial line has 
definite advantages over a twin lead line.   A coaxial cable length of 15 cm 
results in a calculated electrical loss of only 0.63 dB, compared to 2. 4 dB 
for a twin-lead line, and a crosstalk isolation of approximately -100 dB, 
compared to about -15 dB for a twin-lead line.   These advantages more 
than compensate for the disadvantage of the higher heat load (19 mW) of the 
coaxial line.   Based on these considerations, the coaxial cabling has been 
chosen for the 77 K,  1500 MHz response heterodyne array. 

The crosstalk between mixer channels was then measured using 
the coaxial cable and the mockup of the array structure.   At 1000 MHz the 
corsstalk was -56 dB and at 1300 MHz the crosstalk was -42 dB.   These 
values of crosstalk are very low and will introduce no difficulty when the 
array is impleme:nted. 

44 

  



V.   INITIAL DESIGN OF A 10 x 10 1. 5 GHz 
PV-HgCdTe ARRAY 

A.      OPTICAL REQUIREMENTS 

1.       TELESCOPE 

Located in the focal plane of the receiving telescope is a micro- 
lens array composed of a 10 x 10 element matrix array of square lenses 
with the dimensions of a single imaging element being 0.8 x 0.8 cm.   To 
obtain the highest resolution for the imaging system the array mus^ be 
used in conjunction with an f/300 diffraction-limited telescope whose diffrac- 
tion-limited airy disc in the focal plane is just matched to a single micro- 
lens.   The field of view (FOV) of such an optical system is: 

QFOV=2-44i5- (5) 

where 

eFOV =  field of view of a sinSle element of a heterodyne 
array and is defined between the -4. 3 dB cross- 
over points of the imaging array pattern as shown 
in Figure 21 

X   =   10.6 fim 

D =  telescope collecting aperture diameter 

This relationship is shown plotted in Figure 26.   As shown, the telescope 
collecting aperture of 0. 26 m is required for 100~/irad single-element FOV 
or 2.6 m for a 10-Mrad single-element FOV.   From this it can be seen that 
the size and weight of the imaging system are very heavily dependent upon 
the resulution requirements that are imposed upon the system since both 
the large aperture diameter and high f/number must be provided for. 

We can estimate the relative distance from the output of the 
optical telescope to the 10 x 10 element array, assuming a collimating type 
telescope with the reduced beam size at the output of the telescope matched 
to the dimensions of a single microlens.   The minimum distance between 
the telescope and the array is the Rayleigh range of the effective telescope 
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the Rayleigh distance is 3 m    TH! H cf a 0-8 cm effective output aperture 

2.        LASER LO 

in Appendix^toiirK^iarMH?8 ^'T'^ t0 be 2 raW/"'™i- element 

to expandThtTaserLObelmasTeuTJlV^^ * COllimating telesC0Pe 
the gaussian amplitude shaded ia"er„utD^ to^H lenS.Ttem t0 Ccmvert 

without afiectlng the uniform phase ^0^ 0rm lntenS"y dist"bu"on 

B-  ARRAY AND COOLER PArKAr.E 

^e array package is shown in Fin-uro »7    in. ■ ,   . 
liquid nitrogen dewar in wSd, is mounted the mSerio x VZ^f f * array structure.   The sti-nfh,-« i= """lcu.lne mixer iu x 10 element mixer 
of the dewar removed    O^hJt T T FlBUre 25 with the bottom plate 
mounting baseniSr ^ y      UCtUre are mounted 100 detector 
(0. 034 Äanhf/ee'n0 corcÄe^S^Ö, ^ I0»'1 ^ 

t^^Li^e^h^rÄ^ 
are fully shielded from each on,!..,* detector mounting bases 
talk measured between the LtrchSs!^ln the ^ l0W eleCtriCal Cross- 

package andThlTmul^d TaTerlotett^f ^^ aSSeinbled ar^ 

lourT8!^^ r?» »A   -Ä an^r ^tl1^ ^rr 

^cSSS5SB~—^Ho 
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3-1105 

Si.J 

FIGURE 27.    10 x 10 WIDEBAND (10 TO 1500 MHz) HETERODYNE 
IMAGING ARRAY PACKAGE 
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FIGURE 28.   PV-HgCdTe DETECTOR MOUNTING BASE 

FIGURE 29.   UNDERSIDE OF 10 x 10 ARRAY STRUCTURE 
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VI.   4.2-K COOLER REQUIREMENTS FOR A 100-ELEMENT 
GERMANIUM ARRAY 

A.       LO AND DC BIAS POWER REQUIREMENTS FOR NEAR-QUANTUM 
NOISE-LIMITED OPERATION 

A matrix array design for Ge:Cu (Sb) heterodyne mixer ele- 
ments has been developed under a previous program, N00014-68-C-0273, 
entitled "Advanced Capability Infrared Receiver System."   This program 
developed a high frequency array structure capable of employing heterodyne 
mixer elements in a 10 x 10 configuration.   This design was implemented 
on a smaller scale in a subsequent program, N00014-70-C-0407, where a 
2x2 array was built incorporating a microwave integrated circuit imped- 
ance matching network to provide the optimum high frequency performance. 
Based upon the array performance measured during this program, we can 
predict with reasonable certainty the receiver sensitivity as a function of 
the dc bias and local oscillator power dissipated in the mixer element. 

Figure 30 shows the predicted system NEP's at 150 and 
1500 MHz for a single channel of an array including the optics losses, 
mixer quantum efficiency, impedance matching network, and second stage 
noise contributions due to the preamplifier and associated signal process- 
ing electronics.   The individual mixer impedances are approximately 
1000 ohms with the application of 50 mW of 10.6 ym LO power.   From this we 
can see that a total of 200 mW (150 mW dc bias plus 50 mW LO) is required 

per array element in order to obtain a sensitivity of 2. 2 x 10       W/Hz at 
an IF frequency of 1500 MHz.   Significant decreases in the dissipated power 
can be obtained to more reasonably meet the present capabilities of coolers 
at 4.2 K providing that the system sensitivity can be degraded slightly.   As 
an example, the thermal requirements can be reduced to 100 mW per array 
element if the total system is capable of operating with its overall system 

-19 
sensitivity of 4.7 x 10       W/Hz at the highest IF frequency (1500 MHz). 

If the bandwidth requirement of the system is only 150 MHz, 
which would adequately provide for a signal from a moving ah craft, the 

overall system sensitivities can be improved to 1. 55 and 2. 7 x 10       W/Hz, 
for total (LO and dc) bias powers of 200 and 100 mW, respectively. 
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A system which was designed to operate over a 150-MHz band- 
width could be expected to produce system NEP's which are a factor of 
two more than the wideband system data for 150 MHz shown in Figure 30 
and would require less LO power. 

Using the appropriate approximations, overall system sensi- 

tivities of 1.1 x 10"     and 2.2 x 10"19 w/Hz are predicted for total power 
dissipations of 100 and 50 mW, respectively.   These results are summarized 
in Table 5 which gives the expected sensitivity per channel of a 10 x 10 
array with the LO and dc bias thermal load. 

B.       DETERMINATION OF THE TEMPERATURE RISE AT THE CENTER 
OF 10 x 10 GERMANIUM PHOTOMDCER ARRAY  

As in the preceding analysis, the temperature differential at a 
point can be determined by the sum of the thermal resistance between the 
point in question and the heat sink multiplied by the heat load applied.   In 
the case of the 10 x 10 element mixer array surrounded by a 4.2 K heat 
sink, we assume a temperature maximum to occur at the center of the 
array.   In setting up our model of the heat flow for this array, the follow- 
ing assumption is made: because of the imperfect interfaces between the 
rows of the array, the primary heat flow will occur along the horizontal 
direction for each individual layer of detectors.   A single row of the de- 
tector array is represented by the thermal resistances in Figure 31.   The 

TABLE 5.   PREDICTED SYSTEM PERFORMANCE USING A 
COPPER-DOPED GERMANIUM PHOTOMIXER 

System Bandwidth 
(MHz)  

1500 

1500 

150 

150 

System Sensitivity 
Per Channel 

(W/Hz) 

2.2 x 10 

4.7 x 10 

-19 

1.1 x 10 

■19 

19 

2.2 x 10 -19 

4.2 K Array 
Cooler Requirements 

(W)  

20 

10 

10 

5 
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heat input to each detector is represented by Q.   Because of symmetry 
with respect to the center of the row, only half the row need be consid- 
ered.   The temperature developed at the most interior detector is calcu- 
lated from thermal resistances R   =0.37 K/W and 1^ = 1.3 K/W with 

thermal loads (LO and dc bias) of 150 mW per detector.   The sum of the 
temperature differentials from point 1 to point 8 (heat sink at 4.2 K) re- 
sults in a temperature rise of 6.8 K at this interior detector.   The abso- 
lute temperature at this point then reaches 11 K in the steady state case. 

The temperature rise to 11 K of an antimony-compensated 
germanium photomixer is expected to degrade the frequency i jsponse but 
not sensitivity level below the cutoff frequency of the mixer element.   We 
can estimate this degradation in frequency response and sensitivity degrada- 
tion from reference 7 which shows a plot of response time (T) as a function 
of applied electric field for a compensated germanium photomixer at 5 
and 21 K.   The response time degradation over the 16 K temperature in- 
terval is approximately 1.35 TR ^   Approximating the temperature depen- 

0 2 dence, we calculate a behavior of r ~T *    so that the response time degra- 
dation will be on the order of 1.17 T   K with a corresponding 15-percent 
lowering of the cutoff frequency. 

Reference 7 also contains a plot of carrier mobility as a func- 
tion of temperature for a partially compensated germanium detector.   From 
5 to 11 K, the degradation of mobility was observed to be approximately 
15 percent.   From equations 6 and 7 for mixer conversion gain (G) and 
NEP, we get: 

\ 

G = T7quT 

2hy2(l + a)2T2) 

V 
L (6) 

NEP = 
2 hv B s 

K (T     + TTJ B v   m       IF 
(7) 

v 

quantum noise 
term 

degradation from quantum 
noise-limit term 
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where 

M - carrier mobility 

T = mixer time constant 

We can see that r enters the gain expression in two places.   The first is 
the frequency response which affects the train as 1/M  .   2   2v     ^ 
ond is the (ur) product which affects he conversionLin^.7   i * The SeC" 
From this we can conHnHp thof f« o *-^ galn at a11 frequencies, 
affected £^6 ^ the gain is un- 
cent and the time conSJ^cveaLlZ     15 ^^i^6^68 by~15 P61" 
approximately unchanged. mCieaSes by ^15 ^rcGnt leaving the MT product 

1 
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VII. CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

An initial design for a 10 x 10 element matrix array has been de- 
veloped assuming 1500-MHz operation and the use of 77 K photo- 
diodes. r 

Thermal analyses of the PV-HgCdTe and the Ge:Cu (Sb) array struc- 
tures determined that the thermal loading due to LO and dc bias 
power will have a minimal affect on the photomixer sensitivities. 

fnlnl M*'! 
0f.bettfr than 1-9 x 10"19 W/Hz can be stained out to 300 MHz for five loosely specified PV-HgCdTe photomixers. 

Matched mixer channel responsivities have been obtained using the 
mixer bias level and amplifier gain balancing parameters. 

There is greater than 30-dB isolation between adjacent mixer chan- 
ties PV-HgCdTe 10 x 10 matrix array struc- 

6. 

7. 

8. 

Image plane dissection techniques were investigated with batch 
processing of germanium lenses and molding of GeSbSe infrared 
glass proving the most feasible. 

LO powers of 0. 5 to 2.0 mW are required for near-quantum noise- 
hmited operation of PV-HgCdTe photomixers from 10 to 150 MHz 
and from 10 to 1500 MHz. 

0.034-inch OD semirigid cable is a good choice for the high density 
cabling needed for a 10 x 10 matrix array operating from 10 to 
1500 MHz. 
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APPENDIX A 

LASER LO POWER REQUIREMENTS FOR PV-HgCdTe 

It has been shown (reference 8) that for a PV-HgCdTe photo- 
mixer operating in the flat portion of its frequency response (f/f   « 1), 
quantum noise-limited heterodyne operation is obtained when:    c 

Jo» 
2k(Tm+TI'F)GD 

CD 

or 

PLO>> 

2k(Tm+T1'F)GDh. 

q   rj 

where 

(2) 

I   = dc photocurrent induced by the laser LO 

k = Boltzmann's constant 

T    = physical temperature of the photomixer 

T '   = effective input noise temperature of the IF pre- 
amplifier 

GD = small-signal shunt cond ictance of the photomixer 

q = electronic charge 

h = Planck's constant 

v = infrared frequency 

77 = photomixer quantum efficiency 

When the terms on the left and right side of equations 1 or 2 
are equal, the thermal noise of infrared mixer and IF amplifier degrades 
the receiver sensitivity by 3 dB. 
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Calculated and measured data on 10.G-^m heterodyne receivers 
at AIL (reference 8) indicate that a properly designed heterodyne receiver 
can exhibit quantum noise-limited operation for approximately 1 to 2 mW 
of incident laser LO power illuminating the PV-HgCdTe photomixer.   Since 
photo-induced shot-noise must overcome the thermal noise of the photo- 
mizer and IF preamplifier, it is important to select a preamplifier which 
allows maximum transfer of shot noise so that the ratio of shot to thermal 
noise is maximized. 

The measured receiver NEP as a function of incident LO power 
at an IF of 30 MHz is shown in Figure 32 for a PV-HgCdTe photomixer. 
In order to achieve quantum noise-limited operation, it was necessary to 
operate with approximately 1. 5 mW of LO power incident upon the mixer. 
Photo-induced shot-noise exceeded the thermal noise for these values of 
LO power ensuring quantum noise-limited operation and optimum receiver 
sensitivity. 

By using the PV mixer design equation from reference 8, we 
can obtain curves of the receiver NEP versus LO power for typical values 
of mixer parameters and IF frequency.   The equation for NEP is: 

NEP = hvB 
V 

1 + 
2k (Tm + Tj'p) h,. 

q    T?P LO 

Gn(l +R   GJ + co D D' R   C- s    D 

where 

IF IF 1     T 

Pj 0 = LO power 

B = IF bandwidth 

R   = series resistance of diode 

CD = junction shunt capacitance 

Cü«IF 

NF = noise figure of IF amplifier 

G ' . = source conductance 

FIF = IF amplifier noise factor 

T   = reference temperature 
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FIGURE 32.   MEASURED RECEIVER NEP AS A FUNCTION OF LOCAL 
OSCILLATOR POWER 
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are r,   NF   l^ ^^ ^ n tere|t f 0r obtaining the LO power requirements are TJ, NF, GD, RS, and CD.   FIF is the noise of the IF preamplifier 

which must be minimized to obtain a low effective input noise temperature 
H^H 

IF. ^Plifier-   This> however, is limited by the sta^e rf th?art of 
wideband IF preamplifiers and has a value which varies with the instan- 
tZ^lZ ban?Wi^h re(?uirements of a particular system.   We ensign 
y?p;n l7u

a UueS i0r the n0ise figure of 5- 0 dB for a 1500-MHz and 2. 5 dB for 
a 150-MHz bandwidth IF preamplifier.   The remaining parameters are 
constants for a particular PV-HgCdTe photomixer.   Irom reference 9 
we can obtain the typica' values of these parameters for high cutoffre- 
quency PV-HgCdTe mixers as follows- 

77 = 25 percent 

GD = 10     mho 

R   = 10 ohms s 

CD = 8 pF 

Using these values and the 1500-MHz amplifier noise figure of 

tion ar ^ ^^ ?^ NEP 0f the Wideband nüxer-preamplifier combina- 
tion as a function of LO power and IF frequency.   There are, however 

T^w wwyi0mifnSatlng errors which were assumed in this analysis. 
The first is that the mixer capacitance is assumed to be a constant.   This 
is an error since, as the detector is reverse-biased, the capacitance de- 
creases thereby yielding a higher cutoff frequency detector with better NEP 
at the higher frequencies.   The second assumption is the case of high 
quantum efficiency detectors which assumes that the detector is capable 
of producing as much photo-induced current, I , as is predicted bv the 
LO power and equation 4, 0 

I   =4i-P 
o     hv     LO (4) 

There is a saturation effect which occurs at high photo-induced current cor- 
responding to a decrease of quantum efficiency and accordingly degraded 
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FIGURE 33.   NEP VARIATION WITH LO POWER VERSUS QUANTUM 
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61 

 -• —  ■MBB ■   IB1-      I  ■ •■'^ —•""- 



■. 

1  x  10"17 

1  x  10' 

H 
X 
»S 
CO 

Q- 
Ul 

RS   =  40,   GD  -  5  x  KT3 

(fc  -  220  MHz) 

S   "  30.   GD  -  3.3  x  lO-3 

(fc   -  208 MHz) 

1 * ™-19 vCs ' 3|' GD ' 3'f x 10'3 

— .Rs " 10« G
D - io"3 

(fc  ■ 200   MHz) 

S   B   10.   GD  -   IO"4 

(fc  -  63  MHz) 

RS " 4' G
D ■ io"3 

(fc  ■  314  MHz) 

h  '  40.   Gn -  5x  IO"3 

Re S  -   10.   GD  .   io"3 

1   x  IO'20 

IF  -   1500 MHz.   NF ■  5.0  dB 

IF  -   150 MHz.   NF •  2.5  dB 

C   4 

C„  •  8 pF 

2-3966 LOCAL  OSCILLATOR  pJwER   (MILLIWATTS) 
2.0 

FIGURE 34.   NEP VARIATION WITH LO POWER VERSUS (R      G  ) 
v     c   *       TV s    ~D' 

62 

  - 



BW^PiOTPIRWSpillWIWPyWFPIlWWM'W^^ 

1.0 x 10 

(fc  "   133  MHz) 

(fc  -  200  MHz) 

(fc  ■  400  MHz) 

1   -  25% 

Rs  -  10 ohms 

GD -  ID" 

0.4 0.8 1.2 1.6 2.0 

LOCAL  OSCILLATOR  POWER   (MILLIWATTS) 
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that they vary grSy from äft*^* f^* With these two factors ^ 
partially se^-compeLa^ Howeve^ «ince they are 
approximation toXact^f-rlr6 thf

eSe *ss™&™s to obtain a close 

from equaJnTsS of parametric curves obtained 
various combinations rfR     r      ^^ Wlth local oscillator power for 

inations of R^ GD, r?, and CD evaluated at 150 and 1500 MHz 
A careful examination of these carves will indicate that: 

For mixers operating at 150-MHz bandwidth   the 
primary consideration for achieving near 

10    ' W/Hz sensitivity is quantum efficiencv 
For mixers with quantum efficiencies greater 

Lt i5mTÄ° rer 0£ 0-5 'nilliwatts» 
If sensitivity to 1500 MHz is required, the R 

GD product must be less than lO"2, the quanüim 

efficiency greater than 25 percent, the diode 
capacitance less than 8 pF, and the LO power 
requirement from 1 to 2 mW 

A high quality diode with good front to back ratio 
Ks ^D <<:l) Wl11 Ilave good sensitivity well beyond 
its cutoff frequency providing G    < 10"3 be- 

cause the mixer available conversion gain G is 
inversely proportional to G 

G« -^- C 
G D 

1 

if] 
(5) 

■ 
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APPENDIX B 

ARRAY PATTERN SYNTHESIS 

Referring to Figure 12 of paragraph A, Section III, consider 
the received signal that is focused by the telescope and the matching lens. 
For convenience, we shall consider this lens combination as a single unit 
with the focal length and therefore the f/number of the telescope magnified 
by the ratio of the two focal lengths, such that. 

, [     telescope 
1 " telescope ^ fmatching lens 

Then from reference 10, the electrical field distribution of the 
signal in the plane of the image-dissection lens array is given as: 

I   =A277a o 
ka 

(x +x')   +(y +y/) 
1/2- 

(x+x')2+(y+y/)2 
1/2 

(1) 

The terms of the expression are defined in Figure 37 which 
shows the coordinate system used for the array pattern synthesis.   This 
expression describes a diffraction field of the form J^/x in two dimen- 

sions with the center of the pattern displaced from the optical axis by a 
distance (x', y )•   This represents the position of the center of a target 
that has moved from the optical axis of the telescope. 

66 

,..-:.,4 

^gfafta^ja^Mj^iiii^Mail^ua^u^ 



piLK.dUJJLmiPlUI ii m smm^mmmmmmmmmmm mm **^mmmmm 

P (X.Y) (POINT ON 
IR MIXER) 

f2 (IMAGING LENS 
ARRRY FOCAL LENGTH) 

IMAGE DISSECTION LENS 
SIZE (2 d x 2 d) 
y 

(EFFECTIVE FOCAL 
LENGTH OF PRIMARY FOCUS) 

APERTURE PLANE 

2-3955 

FIGURE 37.   COORDINATE FOR HETERODYNE RECEIVER BEAM 
PATTERN ANALYSIS 
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The diffraction pattern formed in the focal plane of the image- 
dissection array due to the diffraction field incident upon the array can then 
be found from reference 11 as: 

d        d 

Eps (X, Y) = J      /     I0CK,  y) eik (ax + M dxdy (2) 

-d       -d 

imation, 
Substituting for Io in equation 2 and making a small angle approx- 

X = Ra = f 
scv 

Y = RiS = f 28 

we get: 

d       d   J ka 

Eps (X, Y) = 2Tra2     J     J 
H f L 

(y+x')2+(y+y')2 
1/2 

■d     -d ka 
f. (x+x')2(y+y')2 

1/2 

if (Xx+Yy) 
2 e dxdy 

(3) 

where the integration is over that part of the JAx)/x diffraction pattern 

that is incident upon the area of a particular image-dissection lens. 
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Consider now the LO similarly focused by the image-dissection 
lens array and we get: 

Ep L0(X, Y) - J        J 
f (Xx + Yy) 

sin mx    sin my       2 
mx my 

-d       -d      «^ J 

LO field distri- 
bution over the 
image -dissection 
lens 

dxdy 

(4) 

where EpLO(X, Y) is the electric field of the LO wave in the focal plane of 

the image dissectors. The LO was chosen to be a uniform plane wave so x 

that m = 0 and sin mx/mx • sin my/my = 1. Substituting these values into 
equation 4, we get: 

EpL0CX, Y) = 
/        / 

i     -r-(Xx + Yy) 
2 dxdy (5) 

The time dependent forms of the signal and local oscillator 
fields can now be written as: 

_ -i {oöt + kf-) 
Eps (X, Y, t) = C   e Eps (X, Y) 

and (6) 

-i w t _ 
EpL0 (X, Y, t) = B   e       0   EpL0 (X, Y) 

where co and co   are the frequencies of the signal and LO waves, respec- 
tively. 
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1 

The fields of the received signal and the LO are now combined 
at the mixer by addition (assuming the polarization of the two components 
are aligned) and the intensity of the resultant computed. 

I. = < 
i Err» +E LO       pi 

>=rF   / 
0 0 * * 

ETt.+E    +ETr,E    +ETr.E LO       p       LO    p       LO    p 

(7) 

The period of integration (2T) is taken very long compared to the period of 
the infrared frequency, but short compared to the period of the frequency 
difference introduced by the two cross terms. Therefore, the first two 
terms in the intergrand result in dc outputs from the mixer and are of no 
interest at this point. The two cross terms result in the intermediate IF 
signal. The mixer responds to the integrated intensity of the real part of 
the last two terms over its surface so that the mixer output is given by: 

I    =0' m sin (co - CD ) t+kL (Re)Eps(X, Y) EpL0(X,Y) • dXdY 

mixer 
area 

I    = C '' { sin m 1 (co - u; ) t + kf, o 1 

ka 
11  f. 

(x+x')2
+(y+y')2 

1 1/2' 

ka 
f. (x+x')   +(y+y/) 

1172 

T^Xx+Yy) 

e dxdy 

(8) 

In equation 8, the argument of the sine term is made up of two 
parts.   The first part is the time varying component that produces the IF 
signal.   The second part is a fixed phase that can be dropped with no loss 
of generality. 

, 
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