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At each temperatiure, simulations wvere performed zt Tiar current

- -~ - e -
densities of [, = LOC, 650 and 100C A/em®. TFor .on /T"dﬂ}
e -
combination, a cinusoidal RF veltaze at 1T GEz was zrrliied and the N
K
amplitude was varied from zero 12 the pcint where <he clode efficiency .
4
dropped significantly. The infcrmatiorn thus obtained is Y_Uf = 1C GHz; Q
-+ ) P S A 2 v 3 3 [ - CEN 1 = L h
T, Jge? VRF/’ the diode admittance in mho/cm-, and Vie (£ =10 GKz, 7, .
Jdc’ VRF)’ the diode large-signrna’l operating voltage. At th = 0, the

diode is modeled as a depletior capacitance, CO = (g&/v.)T, in seriecs

with a small resistor, RO=(wu/cA)ﬁ, to acccunt for the undepleted region

(wd is the derletion region width and v, is the width of the undepleted

region). To obtain the diode characteristics at operating points

other than thcse simulated, a linear interpolation scheme is used {2].
It is assumed that the circuit admittance Yc(s) varies more

rapidly with fregquency than the diode admittance so that Y_ may be

D

assumed constant with frequency over the freguency range of interest.

However, the diode cold capacitance Cj = (e/w) F/em2 {where w = W t W=

- |98
- At - - - 0 -~ .
6.95 uz} is lumpei into !c(s) sc that the wCD component of the diode
susceptance does vary with freguency. The device arez was assumed
- B | . s 3 . = - S S
tc e £ = 1.3 x 107° cm? whicr iz the measured value for the diode.
CIRTUIT MIDEL
Fipure 2 shows the cirzult used to model the zctual oscillator 'é
t
. 2 - . - . /- - . > . ’ - q\
circult, which consists of a SC-% iransmizsion line (represented by [j
)
E,) and a low-impedance transfcrmer adjacent to the dlode package N
) «
AR
{represented by Zc’ £, and 5w>. Trne cazpacitance C is the discontin- ;
: =
uity capacitance between the “0-0 transmicssion line and the o
N
N
Al
\
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re dlole was found tc cscillate at G.7 GHz,

i

€W

-

the reak outgut power was

S ,» and the diode operating voltage was
approximately 10C V. Figure (%) shows that, for the inlecticn-locked
case, the diode turns on faster than for the free-running case. {In
Figs. b and %, an 24ditional € ns delay is introduced in the detected RT
waveform relative tc the blas current waveform due to the measurement
setup. )

Table 1 shows the experimertal results for the injection-locked

case as the injection signal power is varied. The injection freguency

%,

was 10 GHz andé the {peak) bias current wa

m

= V L g =
Ib = 0.BL A, cor ac 6LE

Aleme, Ppr is the (peak) RF power gererated by the IMFATT and does not
include the power cdelivered by the irnjection source F._ - T. is the
in ©

average Jjunction termrerature calculatec from the experimentally deter-
mineé thermal resistance. I* was fcuné experimentally that If the
injecticr power was reduceé veliow 2 w, the IMPATT &id not lock with the

injection source.

The thermal resistance wsc experimen

=y
w
[
(-]
e
Q.
L)
ct
]
3
1]
0
+
O
o
"
ool
n

€Ok /% for the diode and 1°K/v for the rcunt. Since the temperature in

the mount changes mcre slowly tharn the dinde terperature [€], the

1°K/W contributicon wag assumed ¢ irncrezse the ambient temrerature, 7.
r.
in (L), from rcon temperziure ac follows:
TA = 30C° + 6L.7 W x C.4T x I%/W = 30Q°K (s)

where 64,7 ¥ is the peak dicripzted power ir the dinde and C.LS jic the

©{a) shows the benavior over

. '...'..\'-o‘..--;'-\'~*.'.~,'%.'.'-‘\-‘\d'\-..‘l .‘- \- .y \_".\_" q.}-\"\:_\'.\' \;.'s "-*ﬁ‘\._;-..‘- \..\‘( -*‘:..gf .(.;l-;"\..:ﬂ'-\:‘-'
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Figure 6(a) shows the start-up betavicr obiained from the quasi-

static simulation for the free-running case. For ccmpariscn, the corres-
ronding portion of the experirentally otserved RF power from Fig. L(a)

is alsc shown. The amplitude of the experimental curve is nirmzli-ed sc
that both the experimental and theoretical curves reach the sare maxirux
RF power level. The tias current increzses linearly freom zerc at t = 0
to Jdc = 64€ A/cr? at t = 6C ns in Fig. 6(a). The starting temperature
at t = C ic L60®E. TFrom Fig. L4(a), the detected RF power <urns on approxi-
mately 32 ns after the bias current begins to increase {recall the
additional €6-ne delay in the measurement system); +his exverinental deiar

is very close to the delay resulting from the simuletion ir Fig. 6(z’.

Figure 6(b) shows & plot of the circuit admittance ve. real freguency

saticfied
reglcn tc

such that

+
m
} 4
e
"
t

[P

e3¢ Afent, the Y, and - Yc(s\ curves croge for ¢ < { valuer arc L cannel
- .
increase.  Ag Jd* inereasec further, the Y. curve erters tre ¢ > [ rericon
ané V.. tesine tc wtuild ur. From Tio. €{b), It ic seen thaltieoscillintion
AER TR (R CRLT AW TN A R L Y PRI
LSCSLSTRCRNS SRR ')\g\ } oy "J A, .L'\a:' \) ) *}I’}}}*:&‘LA’A-L¢L1.&'-L\\L1.._!.L.AL‘,&'L._-:L f:. _LL\‘ ettt Tt
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IregueEncy will slart at zrrrixinaltely Y.V oo wilcrn 1g the experimentally

observed frequency for the free-running cacse.
Tigure 7 shows the EF power simulated cduring the oscillator

turncff whers It i

m
£

+% e
viis

as

i

une g Jdc decreases linezrly

from €46 L/cm? at ¢ = C tc zerc at t = 9C n

wm
¢

y
Vo
n
"!
[
n
pt

' 1
ct
n
g
(9]
L2
[
(o)
o
4]

a1 comparec with Fig. L(b), although ir the experiment th departs from the
' c

linear waveforn.

iki Figure € shows the start-up transient for the injection-locked
“3 case, with I1 = 0.557 A [see (1) and Fig. 3(a)] sc that the incidert power
g;g from the locking scurce is IE/SGC =L W at 10 GHz. Comparison of Fig.
iij 8 with Fig. 6(a) shows that the RF power turns on faster for the irnjection-

locked case than for the free-running case. This it in agreement with

e the experimental result shown ir. Fig. 5(b). This is because there is a
'.ﬁﬁ
5 . . - .- . . .
1&Y) substantial RF voltage across the diode at t = 0 cdue tc the injection
A
Aoy source.
N
o Table 2 presents the simulatior results as tre injecticrn pover
X T
'JB
&ﬂq is varied from 2.C tc 6.0 W. Compariscn with Tatle I cshows that *he
A}
A same general RF power variation as cbserved experirentzlly is predictecd
" .
-:_'
,:{ by the simulation, althcoueh the simulatiorn predictes & yower maximum at
\"-
.y Pir = L,C W instead of 3.5 W, and the maxirum power rredicteé by the ‘
s .
1
05 simulatior is 16.56 W instead c¢f 17.6€3 W. '
*\.. |
"' - . . - - s -~ - - -~ - . .
Yo The beravior ‘ndiicated inTable - can be understcod ty examining
-
"
."-" + : : 19 -~ PR .2 Wz 53y .
N the curves in Fig. . Eince, for infectiorn-locking, (%) must be satis-
-_—
D fied, the magnitude cf the irjection current scurce I. must ratisfy
b:;:. -
S the following reliaticrn at the ctart of the pulce {afier ile biar cur-
SN
EAY
ol rent has reached its maximum value):
A
& - . - . ] | -
I, = Vv __|Y (£=1C GHz) + Y (T=Lo0%,J  =6L{ A/jer”;V . €)
U L rrlYe! ' “ac fer sVpp ), (
~
4"
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icce termirna.s anc zhe

M
(o))

- S R - I - o ~ -3
v \The magnitude of the RY voltare a1t *th

49]

iy

correstonding Y.{V.._ ) were previcusly ottained bty the dicle character-

-]

ization process, using the steady-state INMPATT cirmulaticrn prozram.

Eguation (€) matches each VPF value with a corresponding I. for

steady-state locking. Alsc, for each V__ the EF power gererazted by
the diode is
,
- hed
P - = -3 \;“V;t E (7)
R¥ 2 D F!

where G = Re{Y_.(V__)}. The expressions in (6) ané {(7) are riotted ir
Fig. 9. It is seen that as IL is varied from 30C A/cr? 0032 40 o

800 A/cm® (.04 L), the RF power first increases, reaches a maximur

for I. = L50 A/em?® (0.585 A), and then decreases. (F

Z R¥

O
[y
m

in Tig.
the RF power at the start of the pulse, whereas the RF power irn Table

2 is the average over the 1.5-pys pulse width). Below I, = 285 Aler?

(0.370 &, P,_ = 1.76 W}, it is anticipated from Fig. 9 that locking

-

cannct occur except perhaps at very low F

b
S
[

values. (It must alsc be

1)

(B2

5

vestigated whether the operating points in Fig. G are statle.} This
expectation ic borne out by the simulaticrn in Fig. 1C for whickh

Pi' = 1.5 W (I, = C.341 A). The diode does not lock until it ras
- e

T

heated up tc L77°K, sc that the curves in Tig. § are nc lcnger aprlicatle.

As the diode continues to heat up the gernerated Kf pcwer graduslly

al

icreases to 14.9 w. This behavior is ccnsistent with the exrerimentsal

(SN
I3

for T, much below 2 W the locking at 1C GH:z was ncz

- 44

results, since

found to be stable.

ConcLugIoNE

It has bteen showr that a large-cicnzl IMTATT diode simulation

program employing the drift-diffusion arproximaticon in conjuncticr
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Table 1
Injection-locked results cbserved exverimerntally
as a function ¢f injected pover

(fo = 10 GHz, J, = €L6 A/cm’, pulse width = 1.5 us and duty factor = LEG)

D, F__ Added Lverage T Efficiency V.
in E= U
(W, peak). (W, peak) (°v) (%) (vl

2.00 1L.77 L7z 17.9 28.0
2.50 16.28 L72.€ 20.0 ¢7.0
3.00 17.LL L72.0 21.2 9t.C
3.50 17.€3 L71.L 21.k 98.0

3.7 17

(W8]
\Xe]
&=
-3
n
-
n
}__.‘
;_J
e
o
(]

L.0C 1€.51 Y7k, 5 2C.1

‘O
o
(@]

L.50 16.12 L575.6 19.€

\0
[eg]
O

5.00 15.88 Lré€.2 19.3

\O
(@]
o

"'l\ - I NIRRT T S A" mTe e 9" a0 6" "1'_n‘..".‘_.‘
ORAL S CNCHECETI LA TG 0N H TN 0\ L VA GICRX LS Gh SN0 S SN



14
o
U
|

.

€) .
(9] un .
— . 42
] ri s
] od
[e] 1) e
o
+2 £ (7
TR SR
~
L u oo
[ e £2, -
oA 4
7] [} o
i) w K (]
A3 1 [ 2 @} Q — m \O =1 — t— 0
(o] = n ™ =~ wn n (18] — @ n
[oh &4 n . . . . . . . . .
54 [0 &S wn \O O \O O O \O n u
O - 1 ~ A —t ~ — — — — — —
Gq 3 O
oy by

[ [&] " [s44
O [ o9
e (@] b,
+2 i ]
L ) &
! I ']
V] A =t
! £ O o -~
ad Gt e~

42 o 6]

\ -
G Pl Q -l.d
O 0 aj A

n. N ﬂ-

(17 n Y
¢ . g
A TN ~d
3 | 3 T
0 o} e} N A

e
(
f'.'cﬁf:‘- -_P

%
-

. o
L'::')"H.'P

P
“



PRI AN~ 4 YA

P s

A L
L

Ly

ﬁ.

‘¢

a; v ..»
it s st

Py
LNy

A
Q. =1.67x10'% cm 2
NA=I.7xIO‘6
[\P]
[]
£
(& ]
g
2 IS s
N _=7XI0
3 (Pa /5x|0
° 1 N_=5x107
{ /1 No
| |
| | | |
I l | |
I l - |
o) 2.3 2.8 3.05 6.9
DISTANCE, pm

alallal Al

AT AT

R ard

a2 5 >




MV

£

-

TR T

% a Cu W O]

L A
tu-.\-\-.‘t\-\ 0

- W
~
el

c".‘~:\‘;\-:

LWPN P

e
AL SAREN

_...\-.\4 .‘i._

[}
.
.

A

--f.nf‘gmlc AR RN

R



TH (q)
P
3 Y
W. A..—..O—.u—...h*m>v0—v> LN o OU—..
:
¥ . ¢ .
(D)
9P,
ﬁ.ﬂ,“_f (L 2P 3859, (5)°A D) (Omy 7
+

! LA
XN G




LEAD NG BPGE

(a)

FALLING EDGE

o N8y vy A

--.\-.-«-.

Ay by Ny

>
L Sy

R

AW

L
N
Ny

L0 LG, A 7 T,

T ."a"
NN

-

LR




-.'!.- 5 v, %
RS AL

MY




T AT S e BATRARK i A A iat i R A A A A PR T
e T R S

Al

S

SIMUL ATION

EXPERIMENTAL

60.0

48.0

0°0C

=

u-v

N

]

-bg

.* 5 + —+ =)
1] 8

(M) J¥d

1) 4

V1 d

(a)




R |
ﬂ

(q)

v
(ZxxHD/0HK) 9 “
b . 0- b- ‘8- zl- 9]~ "02- =3
N =] + f } +— o
m., ' ...su._
b "
: o
W. "
._ X
w. - 5
m..” BT m
R B
3
., %
o
* w* -
. m r.(
S %
. o op M
’ o 4 A
- A ool= 'r :
; N .
. a1 . :
\- .-(
- 8 .‘.\
u- I’
-n .dl'
g s
-.n w ~+ .”J A
s
' ZH9 0'6=}
2 B
’ &
”
\. |

- e 0 a el v s 1 vt 5 _w_ v A T ORI . U AN NN T e T ] VT Yy T %y PR A s DA A A AL - oo -t i
e et B S P QOSSN ISR | DINXAN XYY BRSNS &... PR, S b

oy

o o Tale '



4 & “ Iad
AN -
A e A . B

PN
o

,
’, ""l., )

.

XA 4
L EES
Wl

(]
73

72.0 30,0

54.0

TIME (N-SEC)

3 o
T W
m

Fee
b ‘-'.'_.l,‘

.

s o h
AN A
Ly N,

18.0

0

N 002 0’9l o'zl 0’8 o'y o'
& (M 34d

T N S S T I S TR, LS W N T e e L e ST U e e e e j
NSRTOCIN 20 Y 26 PR TN, 1y P SR L 8 N A N A N N e P P TR IR LG R L SRR



Y ————— T U r L e o e aa e o " Pt

l

P Sl
K

(035-N) WL B
009 0'8Y D€ 02 oet i 5
=)

i
¥ 3 L

A Al AN R SN e g

.‘ - .,

o'y

AL A G

-
et
aratavas

TV TS W IVYY N

—4
0’8

kY

AR M

D A
' 23 v
- M o
b £ V9
5 ....
v.., -’ z ..n\J.
r . 00 ..n\a_
9 2
InA “‘\IA

o T.
o
a2

-
iy

-_—
P
-

-

el

0°9l

.

A

A

Llhatt thae
™

0’02

vaved

e




¢ .m m ”..

L4 —002 o

9l oY —00¢ X

81— —O00¢p

m %
Jwoy
NAS RIS

Ol L —1006

44

el — 009

vl — 004

Sl — 008

it 4 et P -\-..\. - ..-!-.“f-'\f‘ i ..4. ...-.--.--. W T %ty &Y N -- l-"!c .. - —_.. ‘s -..-4-.-‘- RS *.h--'-\‘.‘-'..-lu vy v
...\.;... .“EM( -... _... .ﬂ(-..e.: o SN ....h-.....\. .... \.\\\\» .\..»\ ...........xw\. A‘ A/ \?..I\..\‘r. Ln!.\\..vx

\.\.!\




St

R

A A S A A b e L S S o e e e r~=-71

0'0e

0°9l

900.0 1200.0 5000
TINE (N-SEC)

600.0

300.0

e

0°2l 0
(M) Jud

8 (V)8 4 (X1 i




.

3.0

R .y




