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Two-Tone Intermodulation

in

Diode Mixers

Introduction

Intermodulation (IM) distortion often defines the upper limit to the signal

handling capability of a microwave receiver. It is particularly serious in

broadband receivers designed for communications or spectral surveillance.

In such receivers the mixer is often the major generator of intermodulation

distortion, because its signal handling ability is relatively low.

Furthermore, if preamplifier stages are used to achieve a low noise figure,

the signal levels applied to the mixer are correspondingly large.

Diode mixers exhibit intermodulation phenomena which have never been

explained satisfactorily, and the related problem of selecting diode and

circuit parameters to minimize intermodulation has not been investigated. It

has been known for many years that the IM output level of a mixer usually,

but not always, decreases with an increase in LO level, and that nulls in

the IM output level sometimes occur at specific values of LO level or dc

bias. Beane [1] and Graham and Ehrman [21 explain why some of these

" , phenomena occur, but do not explain why they sometimes do not. Similarly

Lepoff and Cowley [3] and Tou and Chang [4] describe techniques to reduce IM

distortion in mixers, but do not address the greater problems of analysis

and design for minimal IM. This paper will present theory

which reproducesthese phenomena with high accuracy, and will identify diode



and circuit parameters which minimize mixer IM.

rw

Many useful techniques for analyzing nonlinear circuits, such as the

Volterra series, assume weak nonlinearities and relatively small applied

voltages (i.e. a small-signal, quasi-linear assumption). Unfortunately,

these assumptions are violated by diode mixers, which have a very strong

exponential nonlinearity and one signal, the local oscillator (LO), which

may be several orders of magnitude larger than the other signals. Even with

techniques which do not require a small-signal quasi-linear assumption, such

as that of Ushida and Chua [5], the presence of one signal much larger than

_he others may introduce numerical problems. One way to circumvent these

problems is to treat the pumped diode as a time-varying, weakly nonlinear

device. Orloff [6] follows this approach by expanding the junction voltage

in a Taylor series, using the LO voltage as the central value, to analyze

single-tone IM. Swerdlow [7] applies a time-varying Volterra series to the

analysis of a varactor upconverter, assuming a sinusoidal LO current

("current-pumped") waveform. Graham and Ehrman also apply time-varying
I

Volterra series techniques to mixers using lumped circuit elements. Several

specialized analyses have been presented [8-10] which have various

advantages and limitations. The problems with these are that they make

implicit or explicit assumptions about the diode's embedding impedances or

LO waveforms, do not include junction capacitance or series resistance, or

are limited in the order of nonlinearity which can be considered. It will

be shown that these factors are critical to mixer IM performance. '.

* The analysis presented here is an extension of existing large-signal/small-

* 14
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signal mixer theory [11], [12]. It requires no assumptions about the LO

waveform, any embedding impedance at any mixing or intermodulation frequency

can be specified, and both the junction capacitance and conductance

nonlinearities are included. By accounting for all important parameters,

unprecedented accuracy has been obtained. It is directly applicable to a

wide variety of circuits such as varactor upconverters, subharmonic mixers,

and many types of modulators, and the same techniques could be applied to

FET mixers. Once the conventional mixer analysis is performed, no further

iteration is required. It is efficient enough to be implemented on a small

computer such as the IBM PC. Because any multiple-diode mixer

can be modeled by an equivalent single-diode mixer, it is generally

applicable to balanced mixers. Its main limitation is that saturation

effects are not included, and the RF level must be comfortably below

saturation (i.e. 10 dB or more below the l-dB compression point).

Theory

Figure I shows the intermediate frequency (IF) spectrum of intermodulation

frequencies of greatest concern, up to third order, for two input tones.

Only the intermodulation frequencies at the IF are shown, although similar

IM voltage and current spectra exist at frequencies above and below each LO

harmonic. W 1 and w are the desired IF outputs. The diode may have

different embedding impedances at each of these frequencies.

The small-signal junction voltage can be treated as a small deviation of
p .

the large-signal LO voltage. Hence the IM current can be found by a Taylor

series expansion using the LO voltage as a central "point," and a relatively

small number of terms in the series are adequate. The resulting series

coefficients are time-varying. The general approach is as follows:

9% .
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1. Perform the large-signal analysis to determine the junction LO

voltage and current waveforms;

2. Perform the linear time-varying small-signal analysis to

determine the first-order junction voltages.

3. Use the first-order voltages as excitations to determine the

second-order voltages.

4. Use the first- and second-order voltages to determine the

third-order voltages.

Steps and 2, are simply the conventional diode mixer analysis. The

process co-:d be continued for higher order IM components.

* Figure 2 shows the arge-signal equivalent circuit. The diode junction

current 1%.', and capacitive charge Q(V') are given by the well-known

• "expressions

'-:jex q.'Y 7 KTI I' 1 0exp(6 V) (i)

Q, ,= -2 C. I - V / ~ '2(2)

where i r! is the diode's reverse saturation current, C is the zero-

voltage juncticn catacitance, and 6 is the built-in voltage, q is the

electron charge, F is Boltzmann's constant, T is absolute temperature, and

77 is the idealitv fact or. Eq. (2) implies that the epilayer doping is

. uniform.
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The large signal analysis of the diode under LO excitation only is performed

first, via any method which does not involve limiting assumptions (e.g.

[13]). It is henceforth assumed that the LO waveforms I (t), V (t), and

C. (t)-dQ(V)/dV, V-V. (t), are known.

Figure 3 shows the small-signal equivalent circuit. i s(t) is the Thevenin

equivalent of the RF source, applied directly to the junction, and v.(t)

is the small-signal junction voltage, which includes the IM components and

linear terms, but not the LO voltage. For two-tone distortion,

is (t)-Islcos((mLw +d l)t) + I 2cos((mL)p+C 2 )t) (3)

where wj is the LO fundamental frequency. Usually, but not necessarily,

m-1, implying an upper-sideband RF input. The total junction voltage is

V.(t)+v.(t). Substituting this into (1) and (2) and expanding in a

Taylor series about V.(t) gives, for the small-signal junction current and

charge,
i(t)-I(t)[ 6 v(t) + 6 2v 2(t)/2 +

63 .3(t)/6 +... (4)
J

1l 2q (t)-Cj(t)[r2( -Vj(t))vj(t) + (46-V (t))_Ivj2(t)/4

-2 3+ (0 -V.(t))'2vj3W/8j (5)'

(5),

Eqs. (4) and (5) can be expressed more generally as

.,°.
13
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2 3i.(t)-gl(t)v.(t) + g2 (t)vj (t) + g3 (t)vJ (t) +. (6)

q.(t)-cl(t)vj(t) + c2 (t)v 2(t) + c3(t)v 3(t) +. (7)

Limiting consideration to third-order IM components,

v.(t)-vl(t) + + v (t) (8)
t ( 3 (9)

3 3
v 2 v (t) + 2vl(t)v2(t) (9)

vj 3(t)-v 3 (t) (10)

.' th .-
where v (t) is the n order IM voltage, the sum of the frequencies of

n

any n first-order junction voltages. The differential equation describing i

dq.(t) + i.(t) + iL(t)-is(t) (11)

"I

Substituting (6) through (10) into (11) and separating gives the equations

for first, second, and third-order products L-

"' "~ ~~ dCt)l(t)) + gl(t)vl(t) + iLl(t)'is(t) (2

2d(cI(t)v 2 (t) + c 2 (t)v 1 (t)) + g 1 (t)v 2 (t) + " -,

dt 2
g2 (t)v (t) + iL2(t)-O (13) %

15
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d(c1 (t)v3 (t) + 2c2 (t)v1 (t)v2(t) + c3v1 3(t)) +dt

9 ~~9(~ (t + 2g2 tv(~ 2 t g 3,
g(t)v3(t) g2(t)Vl(t)v2(t) + g3(t)Vl (t) +

i L3(t)-O (14)

where I I and I are the first-, second-, and third-order load
Li' L2' L3

currents, respectively.

Figure 4(a), (b), and (c) show the first, second, and third-order equivalent

circuits representing (12), (13), and (14), respectively. Figure 4(a) is

the small-signal linear equivalent circuit. The voltages v1 (t) resulting

from the two excitation tones can be found in the conventional manner.

These are used to find the excitation currents, the sources in Figure 4(b),

for the second order IM components (these sources are in fact the short-

circuit junction IM currents). Given those currents, Figure 4(b) is a

- .'. linear circuit so v2(t) and iL2 (t) can be found by conversion matrix

analysis in the same manner as iLl(t) and v1 (t). The third-order IM

products are found analogously through the circuit in Figure 4(c).

The small-signal linear mixer analysis gives v1 (t):

V2 Vmqexp[j(mwp+Cq )t' (15)

m =-a q -2
q 0

so

C2
v 2 (t) - -- V V exp j I (m+n) W

1- m,q n,r p
m =-2 +O +w ]t} (16)
-. -2 q r

q,r 0

The second-order terms of most interest are those at kp+w 1-Cd2 and

16
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k +2 2 . These are the second-order IM frequencies most likely to

cause interference, and are needed to find the third-order IM components.

They will be designated by "a" and "b" subscripts, respectively. ThenkN; r

V 2t) - N' V V exp(j[(m+n)w
la' ,-2 pm n

CC+ -)1( 2 ]It) (17)

V 2 (t)- \ V V exp{j [<m+n) (

lba 2-- m,l in, p

m n
-- +2w ]t) (18)

The frequencies kwdp + c w 2 may also be of concern; thev can be found

from (17) by replacing V with V and following through the" n,-2 w n ,2

subsequent equations Note also that (1) and (18) and the equations which

follow from them, are sums of the upper-sideband phasor components at the

relevant frequenc-y, and not the complete time waveform. Eq. (1_ has a

coefficient of l,> instead of 1,,,, because there are two identical terms

inrthe q.r summati.n in (i6, This situation arises frequently in the

following equations.

V. . U.. .
%,."
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The Taylor series coefficients can be expressed by their Fourier series' as

262
(t)- I.(t)- 2 Ilexp(jlwpt) (19)
g2 3 '

2(t) C - c Cexp(jl1 pt) (20)
2 (-V] (t)) -

1 cc-

Using (17)-(20), Figure 4(a), and (13), the excitation current components

are

i2a (t- V I + j (1 +m+n) w +2a / - m,l n,-2 2 4 p
1 m n r

(= -_. exp~j[(l+m+n)w +w - Jt) (21)
1 2 p 1 2

2i \ N7 v V ( +C lj[(l+m+n)wp+i 2b(t) " I_ _.- .- mln,1 -- p
b mm n ~

1 = d2 1:explj[(l+m+n)W P+2W 1t) (22)

4.,

i, t and ibt are of the form

19*
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2a(t)- - Ik,2a exp[j(kWp+ 1 - 2 )t] (23)

k = -a

I2b(t) 2- k2b exp[j(kjp+2W )t] (24)

k -

Equating terms at the same frequency in (23)/(21) and (24)/(22), one obtains

2
Ik,2a- Z > VmIVn ,2(A II+C 1I(k Wp+ lI' - (25)

1 m n
- - +m+n = k

2
iN V V I( +Cj(k( w+2 )) (26)Ik,2b' _ M' ,In,l 2 1ICI

1 m n

1+m+n = k
k-l+m+n must be limited to some range (-K, K); then (25) and (26) can be

expressed as column vectors of the form

-2a -K,2a -K+l,2a ...I-1,2a 0,2a 1,2a K,2a

(27)

and similarlv for I2b*

The vectors of output I currents, I and ILf
.L2a are found from a straightforward

conversion matrix analysis of Fig. 4b:

Ia--(1 + Y.(Z + R 1)) 1 (28)-L2a--- - j Ze2a s- -2a

-- (1 + Y.(Z + R l)) I1 (29)-L2b -~- e2b - -2b

Y. is the conversion matrix for the pumped diode junction [12]. Z
-3 '-e2a

and Z2b are the 2K+i x 2K+l diagonal matrices of embedding impedances at

'.d

;k 20

.5°
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the IM frequencies, with the impedances at Kidp+ I  2 and

K CJ +2 W 1 at the top left corners, respectively. R is the diode
p 1 

5

series resistance. The second-order junction 
voltages are

_2a-(Ze2a + Rsl)IL2 a  
(30)

V2D-(Ze2b + Rsl)1, 
(31) .- ,

and the second-order IM output powers at the IM frequencies near the kth

LO harmonic are I

P 0 ~ O I Re(Z (2

k,2a Ik,L2a  e2a,k 3

k,2b 
0 51 1 k,L2b I (Ze2b,k(

The third-order IM components are found analogously via (14) and Figure

4(c). The IM component of greatest interest is that at 2 Wlw 2 , (or

2d 2 -CW1, which is derived identically), since it usually can not be

rejected by filters. The vl(t)v2 (t) term in (14) has two components

which generate 2C 1 -W 2 : vI(t) at wj, mixing with v 2a(t) at

Wdi - 2 and v1 (t) at -Ld2 mixing with v2b(t) at 2 I  "
3 .2

The components of V3 (t) and vl(t)v2 (t) at these frequencies are

Again, the coefficient is 3/8 instead of 1/8 because there are three

identical terms in the q,r suniation.

21
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19 1- V-1

vl(t)va(t)- ) VV exp( j [(m+n) p1 2a .,m, 2a n,1 pm n= +2w I- W 2]t) (35)

Vl(t)v t)- Vm,2bVn,-2exp(j [(m+n)W (36)
= _ +2 W I -  2]t (36)"'

The IM coefficients c3 (t) and g3 (t) are

Sc 3 (t)'Z C3 ,I eXp(J w t) (37)3 g3

g3 (t)- Iexp(jlGi t) (38)
1=-CO

An analogous treatment for (14) gives the components of the third-order '
.4.1

* source and IM output current vectors:

V .Vm "( CZ' Ik,3-n"1 p,-2  " 1 + .

[ .['."=-=3C 4 lJ[kWO + 2W01 -) 2w

. ) . * (V~m,2an. I +m,bn,.) I +"
m nOgn C2 J[kp + 2 1  w 2 ]) (39)

-1O

¢.IL3-(1 + Y.(Z~e + Ris) " I ! (40) -

nwhere Ze3 is the embedding impedance matrix at the third-order mixing

frequencies and is the third-order source current column vector. The

CO +C,~ 2wp + 2)2  2s

,' .- output TM power at kw 2 ipi

,Mn p 12

cc2

. . . . . . -.



0

P k,3- 0 .5 I Ik, 2RelZe3,k' (41)

Implementation

The Turbo-Pascal [14] program DIODEMX listed in [12] was modified to

include the IM calculations [15]. DIODEMX calculates the LO voltage, current,

and capacitance waveforms, V(t), iLO(t), and C.(t), via a harmonic 3,

* balance technique. It then forms conversion matrices for the junction and

finds the first-order junction voltages, V and V It alsom,*l n,*2" .*

supplies the matrix Y. for Eqs. (28), (29), and (40). The evaluation of

the multiple summations and determination of the IM output powers are then

performed by a single new subroutine. Some economies in execution time are

obtained by recognizing that many of the terms in the multiple summations

are identical, and need not be evaluated repeatedly. Considering 12 LO

harmmonics in I CZ1 and Ctl and nine mixing frequencies in the

conversion matrices and in Vm,*l and Vn,±2' execution of the IM

subroutine requires 49 seconds, using an IBM PC with an 8087 mathL coprocessor. Execution time is approximately half this value with an 80286-

based microcomputer and 80287 numeric coprocessor.

The calculations can be simplified by the assumption that the two input

tones are closely spaced in frequency, and that the 1M outputs are within

the IF passband. Under this assumption, V m,±-V m,z2 43Z2-Z, ' "

Eqs. (28), (29), and (40) are identical, and a large block of impedance data

need not be entered. The validity of this assumption may be questionable in

-23. ...



certain cases only for either the 261 or the (I W2 component, one

of which may be well separated from the other. In most cases the results are

of acceptable accuracy even if the assumptions are not strictly valid. In

situations where this approximation is not acceptable, one can enter the IF

load impedances for these components individually.

Results

The theory was verified experimentally with a single-ended mixer operating

at approximately 10.5 GHz with an IF near 50 MHz. The sole purpcse of the

mixer was to verify the theory, not to achieve any performance goals; it was

designed primarily to have predictable embedding impedances at as many LO

harmonics and mixing frequencies as possible. The mixer consists of a diode

mounted at the end of a 50 ohm microstrip line, with a 10 pF dc/IF blocking

capacitor at the input and a decoupling circuit for dc bias and the IF

output. LO and RF were applied through the input port via a directional

coupler. Bias was applied through a bias tee in the IF circuit. The mixer%.1.

was realized in microstrip on a 0.025" alumina substrate.

The diode was a silicon Schottkv-barrier beam-lead device, Alpha model no.

DM.36777 Its parameters were R -6.0 2, C -0. 15 pF, 0-0.7 V, 7 -1.19,

-2
and I -5.Ox1O A, determined by direct measurement of its C/V and I/V

0

characteristics. The beam-lead overlay capacitance plus the calculated

microstrip open-end capacitance was 0.10 pF. This capacitance in parallel

with the 50 ohm source comprised the embedding network.

24-
%; .:

.4,,

4.,>,;-

"'-"'~~~~~. .. -" .' ,."- .. .,-... o.-.-°. ".-. :, " """ ' ,-....-. *..' . - . ".. 4,..v ...- .. v ..I" - .4.i. lii I ili iii *i ill-* . . 4 *. . .- 1,m



Figure 5 shows the measured and calculated conversion loss and third-order

IM output level for -20 dBm input, with zero dc bias. The calculations

include the effect of an estimated 0.5 dB input loss. Figure 6 shows the

two second-order IM output levels under the same conditions. Figure 7 shows

the measured and calculated dependence of conversion loss and IM upon dc

bias voltage at a fixed LO level of 0 dBm. The ageement over a wide LO

power range is remarkably good; in particular, the nulls in IM level at

specific values of LO power and bias are faithfully reproduced.

Other mixer and diode parameters were examined to identify those which most

strongly affect mixer IM performance. A set of baseline diode and circuit

parameters was defined, and certain of these were varied while the rest were

held fixed. The baseline parameter values were Cj0-0.15 pF, R -9.O2,
S

7-1.39, 0-0. 6 V, and I -2.6x10-9 A. The embedding impedances were

0

zero at the image frequency, LO harmonics, and all high-order mixing

frequencies. The LO fundamental source impedance was 50 + jOQ,In order to

eliminate uncertainties due to source/load VSVR, all data was tabulated for

simultaneously conjugate-matched RF and IF ports. This approach has the

disadvantage that the conversion loss optimum often occurs at very low LO

levels, sometimes with impractically high source/load impedances, and if the

mixer is conditionall; stable, a simultaneous conjugate match is

impossible. For the most important cases of high LO level (i.e. > 3 dBm),

however, impedances are invariably reasonable and the mixer is stable. The

RF frequencies were 10.54 and 10.56 GHz and the LO frequency was 10.50 GHz.

The RF input level was -20 dBm per tone.

...-
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Figure 8 shows the calculated conversion loss and third-order IM level, for

short-circuit and open-circuit high-order small-signal and LO embedding

impedances. Also shown are the same data with 50 ohm LO embedding

impedances. Figure 9 shows the second-order IM levels under the same

conditions. The drop in IM level with increased LO power shown in Figures

5-9 is contrary to intuition, because the LO voltage traverses a

'C progressively more strongly nonlinear range of the I/V and C/V

characteristics. The reason is that at high LO levels the junction operates

more like a switch than a continuous nonlinearity, and IM current is

* generated only during the transition between reverse bias and hard forward

conduction. This transition becomes shorter as LO power is increased.

Similarly, operating the mixer in any way that reduces the length of this -

transition will reduce intermodulation levels.

The effect of different embedding impedances on the IM level can be related

to the interplay of two phenomena. The matrix term in (40) is small for

large values of Z ,indicating that IM output current should be small.

However, the magnitudes of the junction voltage components, V are
m,q

relatively large and many may be significant, increasing the magnitudes of

the components of the current vector, I 3 in Eq. (39). The net effect is

that the IM levels for short-circuit and open-circuit embedding impedances

are comparable at low LO levels, but at high levels the IM output power

rises. Furthermore, if the LO source impedance is high, C. must discharge

through a high impedance during the negative-going half of the LO cycle.

This slows the transition between conduction and turn-off, and consequently

increases IM levels. Hence it appears that the best possible IM performance

29 .
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Fig. 8. Conjugate-match conversion loss and third-order IM for baseline
diode and circuit parameters, except for different sets of
high-order LO and small-signal (including image) embedding
impedances: (1) Ze, Z short circuit; (2) Z , Z open
circuit; (3) Ze open circuit ZoO50+JO; (4) l skort circuit,

ZLO=50+JO. The LO fundamental embedding impedance is 50+JO.
Conversion losses for (2) and (3) are virtually identical.
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is achieved with short-circuit embedding impedances and heavy LO pumping

The variation in IM level with LO level in many cases has multiple nulls.

This phenomenon is a manifestation of the fact that the excitation currents

i Figure 4kb) and 4(c) are not a single sinusoid, but a spectrum of

components, related in phase, each downconverted to the same IF. These IF

current components experience phase cancellation at certain LO levels. This

phenomenon is sensitive in some degree to virtually all mixer and diode

parameters, so it is questionable whether it can be used in practice to

reduce IM levels significantlv.

Figure 10 shows the effect of image enhancement upon IM level, noise

temperature, and conversion loss by varying the value of a purely reactive

image termination. The termination which gives minimum conversion loss

results in a remarkably high noise temperature, a modest rise in second-

order IM level, and an enormous rise in third-order IM. Part of the reason

for this rise is the high value of IF load impedance, 600 , necessary to

achieve a simultaneous conjugate match at this value of image reactance. It

is clear that the best overall performance for this mixer is achieved with a

capacitive termination or a short circuit. This phenomenon--low conversion

loss accompanied by high noise--is often observed experimentally. It is

sobering to note that it may also be accompanied by very poor IM

perfcrmance.

In Figure 11, L and the IM level are graphed as functions of dc diode
C

current, for fixed bias with the LO level varied, and two fixed LO levels
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%
with the dc bias varied from -0.2 to 0.3 V. The curves for fixed PLO and

fixed Vb overlap over wide ranges, but the conversion loss is somewhat 1W,

better for fixed bias. This remarkable result is due to the fact that the

transition regions in the LO waveform vary nearly identically as either bias

voltage or LO level is increased. L , however, is affected most strongly
c

by the shape of the conductance waveform, which varies differently with bias
. 'o

and LO level. These results imply that in some cases dc bias can be traded

for LO power in order to minimize IM levels.

Figs. 12 and 13 show the dependence of third-order IM upon diode series

resistance and junction capacitance, respectively, for three LO power

diode parameters. Nevertheless, at the high end of the LO range, a low

series resistance and low junction capacitance are clearly advantageous.

C has a remarkably strong effect on IM level, even though its nonlinearity
jo

is relatively weak and it generates little IM current by itself. Its

significance comes from its effect on the LO waveform: a low junction

capacitance discharges rapidly, allowing the junction voltage to drop

through the conduction/nonconduction transition rapidly. Generally, low

R s results in low IM. The rise in IM level for very low Rs at high LO

levels may be related to the fact that this mixer is conditionally stable atV some LO levels for R < 4S. Most real mixers would probably have enough

loss in their embedding networks to prevent instability, so this phenomenon

might not be observed in practice. Minimizing R is consistent with the
5

need to minimize all embedding impeaances, .-
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Figure 14 shows the dependence of IM level upon € and 77. Setting 9 to a

large value removes the variation of junction capacitance, and therefore

approximates a Mott diode. This change reduces IM level slightly, probably

by minimizing the peak value of C.(t). Minimizing 77 also minimizes IM
J

levels. The drop in conversion loss with increase in 77 may be surprising.

For a conjugate-matched diode, conversion loss rises with LO power above the

optimum LO level, in this case 0 dBm, because the junction conductance pulse

is longer than optimum. Low 77 gives a longer conductance pulse, for a

given LO level, than does high 77 . Therefore, the mixer achieves a given

.' value of conversion loss at a lower LO level for low 77 than high. The noise

temperature is, as one might expect, significantly lower for low 77 than for

, "high 77

Conc l usions

This report has shown that intermodulation in diode mixers can be predicted

wi .-. high accuracy. Intermodulation is most strongly related to the speed

of the diode's transition between hard conduction and nonconduction, the

magnitudes of its junction voltage IM components, and the magnitude of its

embedding impedances. The results indicate that the most significant

parameter affecting mixer IM performance is LO level. However, high LO

level alone is not sufficient to achieve low intermodulation; it is

necessary to optimize all mixer diode and circuit parameters. The best IM

% performance is obtained by using a high-quality diode with low junction

capacitance and series resistance. Embedding impedances should be short

circuit:s, and dc bias should be used. Image enhancement must be used with care.
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and theoretical investigations that focus on the application of

L'tlnt t -. hi tech Y icII a.lvances to such systems. Vital to the success of

these invesLigations is the technical stair's wide-ranging expertise and its

abiity to s tav current with new developments. This expertise is enhanced by

a research program aimed at dealing with the many problems associated with

% rapidly evolving space systems. (Contributing their capabilities to the

research effort are these individual laboratories:

erophsics Laboratory: Launch vehicle and reentry fluid mechanics, heat

transfer and flight dynamics; chemical and electric propulsion, propellant
-hemistrv, chemical dynamics, environmental chemistry, trace detection;
spacecraft strzctiral mechanics, contamination, thermal and structural

co:r-i. high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chemical and excimer laser development including chemical kinetics,
peetroscopy, optical resonators, beam control, atmospheric propagation, laser

ettects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,

atmospheric optics, light scattering, state-specific chemical reactions and

riliative signatures of missile plumes, sensor out-of-field-of-view rejection,

applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell

physics, battery electrochemistry, space vacuum and radiation effects on
materials, ,0brication and surface phenomena, thermionic emission, photo-
sensitive materials and detectors, atomic frequency standards, and

environmental chemistry.

Computer Science Laboratory: Program verification, program translation,

pertormance-sensitive system design, distributed architectures for spaceborne
tn,.potvrs, tault-tolerant computer systems, artificial intelligence, micro-

electronics applications, communication protocols, and computer security.

bent r-,ni-s Research Laboratorv: Microelectronics, solid-state device
ph'sics, -ompound semicondoctors, radiation hardening; electro-optics, quantum
"in-tronics, solid-state lasers, optical propagation and communications;
ni,rowave semicondoctor devices, microwave/millimeter wave measurements,
iin: ,osti and rad, metrv, microwave/millimeter wave thermionic devices;
atomic time and freqiencv standards; antennas, rf systems, electromagnetic

pr paatiri phenomena, space communication systems.

Materials Sciences laboratory: Development of new materials: metals,
all y, .era ics, polymers and their composites, and new forms of carbon; non-
lestrurtive evaluation, component failire analysis and reliability; fracture
m,-hanfs and stress corrosior; arl ysis and evaluation of materials at
crvogenic and elevated temperatires as well as In space and enemy-induced

I "pac cience Laboratory: Magnet osphericc auroral and cosmic ray r.
%phvsir, wave-particle interat ions, magnetospherlc plasma waves; atmospheric

a., ronospherin phvsics, densitv an I comp)siti-i (of the tipper atmosphere,
remote sensing ingw atmospheric radiation, solar physics, Infrared astronomy,
iut r . % ,tr signat . Aa vi i Ie-.. , t solar ac t vIt v.magnet stt .rms And

1.-a i-ir i n on thte e rth's atmosphere, ionosphere and magnetosphere;
1-i tts~ l r )mane.tic And par17t initiaI te radi at ions on space systems. s pace

V. int rtmeni at ion.
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