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DoPPler Signal Detection with Negative-

Resistance Diode C)scillators

YOICHIRO TAKAYAMA

Ab.stracf-A theory is presented for the Doppler signal detection
with a negative-resistance diode oscillator operating simultaneously
as a signal source and Doppler signal detector. The theon~is based
on a realistic model of the oscillator, including an object passing in
front of snantenna, andincludes the previous treatments [1], [2]
as the limiting cases. The effect of the bias circuit taking out the
Doppler signal on the RF operation of the oscillator is taken into
account self-consistently. The frequency down-conversion with a
free-running oscillator is also investigated. Conversion gain is
demonstrated by the experiment using a Gunn oscillator with a
movable load.

I. INTRODUCTION

I

T HAS BEEN RECOGNIZED that microwave negative-

resistance diodes, such as Gunn diodes and lMPATT

diodes, simultaneously exhibit oscillation and nonlinear

mixing [1 ]– [8]. Doppler radar equipment, such as Doppler

speed meters and intruder alarms [5], [6], [8], are typical

applications of Doppler signal detection with Gunn or IMPATT

oscillators which operate simultaneously as a signal source and

signal detector.

Analysis of an oscillator as a Doppler signal detector has

been presented by Nagano et al. [1] and Mitsui et al. [2].

Nagano et al. described the effect of the load motion on the

oscillator in the static condition in the analysis of the load

variation detector. Mitsui et al. [2] analyzed the Doppler
signal detection with the Gunn oscillator as the injection lock-

ing by a reflected wave with a Doppler shifted frequency.

The purpose of this paper is to present a more general

theory of the negative-resistance diode oscillator simulta-

neously as a signal source and detector of a Doppler signal

reflected by a moving object. The analysis includes the previ-

ous treatments [1], [2] as the limiting cases. The effect of the

diode bias circuit taking out the Doppler signal on the RF

operation of the oscillator is taken into account self-consis-

tently. The down-conversion with a free-running oscillator is

also investigated. Conversion gain is demonstrated~ by the

experiment using a C~unn oscillator with a movable load.

II. ADMITTANCE OF A MOVING OBJECT

Fig. 1 shows the basic network of the oscillator, including

the moving object. The active network (whose admittance is

YJ is connected to the ideal matched antenna through the

Iossless transmission line with characteristic admittance 1’o.

In this section, the admittance was set up looking toward

a moving object through the antenna. The simplifying as-

sumption was made of a perfect conductor moving along the

x axis with velocity v. The effective reflection coefficient is

introduced looking toward the moving object through the

antenna at reference plane.4, and its magnitude r is assumed

to be constant.l
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1P is the ratio of the received power to the radiated power through
the antenna.
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Diagram for an oscillator including a moving object.

that the conductor lies in the plane ~= O at t= O

and that a plane wave

E; = e~ti@_(x/cJJ

is incident on it. Then the reflected wave is [9], [10]

E, = e&(t+(z/c))

where

1 – (v/c)

““ = 1 + (v/c) ‘“
(1)

Hence we obtain the effective reflection coefficient at refer-

ence plane A in x= —10 by

rL = I’e~{ f~’–~) ‘–(or+~) (z”/’J}. (2)

Concentrate on the case where v/c<<l. In this case, we

have

2(v/6) v
@.-cd=— CO%-2-W=AW

1 + (v/c)
(3)

c

2W
6), +(J= = 2U.

1 + (fl/G)
(4)

Using (3) and (4), we obtain

rL ~ re–i@@lC) (Zo+o$) = rei(Ati~-Oo) = re–iast (5)

where D Z= co/c, $0=2,/310, and 1= 10+z’t is the distance between

reference plane A and the moving object at time t.
From (5), the admittance looking toward the moving

object at reference plane A is

l–rL

YL=— Y. = GL + jBL
l+rL

l–r2
GL =

1 + r’ + 2r cos 2@

2 r sin 201
BL =

I ~ r’ + 2r cos 2p1

Yo

Yo. (6)
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If I’ <<1, we have

GL ~ Yo i- AGL BL z ABL

AGL = – 2 YoI’ cos 2/31 ABL = 2 YOI? sin 2f31. (7)

Equation (6) or (7) is the admittance looking toward a

moving object through the matched antenna.

III. BASIC OSCILLATOR EQUATIONS,

INCLUDING MOVING OBJECT

The oscillator is investigated, including a moving object,

as shown in Fig. 1. In this paper, a dc bias-voltage controlled

device, such as a Gunn diode, is described. The bias circuit

taking out the Doppler signal is included in the analysis. It is

assumed that the device admittance YI is a function of oper-

ating frequency w, ac voltage amplitude V at the reference

plane, and dc or slowly varying2 bias voltage ~B.

Corresponding to the condition that the total admittance

of the oscillator is equal to zero,

Y = Y,(u> ~, ~~) + YL(% t) = 0. (8)

The ac voltage V across Yl, which is sinusoidal with slowly

varying amplitude and phase, can be expressed by

V = ~(t)e~(ti”’w (’)). (9)

In (8), it is assumed that 7, CO,and J’B are deviated slightly

from the steady-state values Po, COO,and VB,, respectively.

Then the deviation of the admittance Y can be expressed as

()dY+— .(VB – VBO). (10)
CJVB v.,

From (8), we have

YL(@O, t) + Yl(@o, ~0, VBO) + ~ y = 0. (11)

Replacing by CJO+ (dO/dt) –j(l/ V)” (d V/dt) (see [11], [12]),

where

~V=P–~o L$VB=VB-~BO

yjJ(.oo, t = o) = Ycl YL(OJO, t = o) + Y1(CWI, v,, VBO) = o

and COO, VO, VBO, and YO are the oscillating frequency, the ac

terminal voltage amplitude, the dc bias voltage, and the load

conductance, respectively, with no moving object.

From (7) and (8)

Y~(tiO, t) + “YI(uo, ~0, VBO) = AGL + jABL. (13)

z For AOJ, at which this assumption is justifiable, the present theory is

valid.

Substituting (13) into (12), we obtain

(E):+(:)+:+($)”

+ ()~ 6VB + AGL = O (14a)
dVB

where Y= G+jB.
It is useful here

()8B
+ — 6VB + ABL = O (14b)

dVB

to define the parameters

~ (aGl)
P.z,o = -

2 Y, [&J /.O

Wo

()

dGL
pez,L “ — — = 2rpl sin 261

2 Yll dw .0

()
Q..,o = ~ ~

‘JO

()

13BL
Qez,L = ~ ~ = 2 Iy31 Cos 2pl

~o

where Y1 = Gl+jBl, and Qeo,L and pm,L are functions of time

t, derived from (7). Introducing these parameters into (14a)

and ( 14b), and using 8 YL/~ V = ~ yL/~ VB = 0, we obtain

Equations (16a) and (16b) are the basic equations of the

oscillator, including a moving object in front of an antenna.

Let us now consider the bias circuit. The dc bias current I
of the dc bias-voltage controlled device, such as a Gunn

diode, is a function of RF operating frequency co, ac voltage

amplitude V, and dc or slowly varying bias voltage V~.

Assume that V, co, and VB are deviated slightly from the

steady-state values VO, COO, and VBO, respectively. Then we

can express the deviation of the dc bias current 1 as

‘I=(3QO”:+(%),0”’V+(%)VBO”8V’17)
where dO/dt is the frequency deviation.
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Let the conductance of the bias circuit taking out the In the following, let us examine somewhat simplified, but

Doppler signal be GB. Then 61= – GBti ~B. Substituting this essential cases.

relation into (17). we obtain/.
A. Whtn P~,o>>P~,L, Qez,o>>Q..,L

(X+(a”’r . ,18,

Firs t,it is assumed that Peo,o>>2r~l and Qec,o>>2r/31. This

8VB = –
corresponds to the case where the Q.Z,L by the moving object

81

()

can be neglected in the total external Q, Q., of the oscillator.

GB+ — In this case, from (22), we have
d VB

1 dtip
Substituting (18) into (16) and eliminating 6 V~, we have (~o~az,o + Qof&o) ~“= + : (~Qo – KPo)6~,, ,,. ,

where

%(%)(:)
P= Pe. –

()

dI
GB+ —————

dVB

%(%)(:)
Q= Q,, –

()dI
GB+ —

d V13

VII () x%)($)
J=—z –

2 Yo Ov dI

()
GB+ —

dvll

i70 dB1

()

%%)($)
K=—

2% m –

()
GB+ &

Equations (19a) and (19b) describe completely the RF

behavior of the oscillator including the moving object. In

these equations, the bias circuit taking out 8 VB (which is the

detected Doppler signal) is taken into account.

Note that dc bias-current controlled devices, such as

IMPATT diodes, can also be described similarly.

(19a) = ~or [Q. cos (Aut – I%) – PO sin (Acd – 00)] (23)

where

(19b)

%(%3(:)
Po = Pe.,o —

()

81
G.+ —

dVB

(20a) %(%9(3
Qo=@z,o –

()81 -
GB+ —

dVB

(20b) Solving (23) and neglecting the term decaying with time, we

obtain

av=- ~q [{QO’(&)-Poh)
*2— +k2

(21a) @o

.sin (Ad — 190)

‘} {Q0k+p04:)} cOs(A@’-’O)l’24)
(21b) rVO<PO2 + Q02 .

=-ip,[%~,+k, sm(A@f-co+@) (25)

IV. DETAILED DISCUSSIONS

~liminating dO/dt from (19a) and (19 b), we obtain

1 da~
(Ppez + QQJ ~Sz + ; (JQ – KP)817

+ * (QAGL – PABL) = O. (22)
2 Yo

Not only GL and BL, but also Pez, Q,z, P, and Q are time-

dependent parameters. This makes the analytical solution of

(22) difficult.

where

Po~(Aco/coo) + Qok
tan + ==

Qoi(AoJ/uo) – pok

$ == PoPm,o + QoQ.z,o >0, k= JQo– KPo>O.

Substituting L24) into (19), we have

de ~lor

[ 1
~{Qof(A@/cJO) – ‘ok} sin (Au/! – 00)

-— Qa,o –
Z=p ~2(Aco/coo)2 + k’

-+ O< Pez o _ h{ PO~(ACIJ/CLIO)+ Qok\

[P’ ~2(Aco/mo)2 + k’ 1
cos (Ad — Oo) (26)

where

k = JP,s,o + KQ,z,o.
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Substituting (24) and (26) into (18), we obtain 6 VB, which is

the detected Doppler signal whose frequency is Aw.

In the case where I’,.,0 = Po= O, K = O, Qo= Q8,,0, and

J= Jo= ( 170/2 I’o)(~GI/d F), from (24) and (26), we have

rvo
8P =

()
Au 2

Qe.,02 — + Jo’
@o

“[ (Au)Q,.,0 ; sin (Acot– 00) + JO cos (AcJf – 00)1
dO

(–)

Wor
sin (AcJt — 00).

; = Qez,o

These expressions are the same as those obtained by Mitsui

et al. [2]. In addition, assuming J02>>Q,.,02(ACJ!COO)2, we have

d9 H~or
sin (Ad — 190).

% = Q,X,O

These results coincide with the expressions obtained by

Nagano et al. [I].

B. When Qez,owQ.z,L

Let us next consider the case where Q..,L by the moving

object cannot be neglected in the ~ez of the oscillator. This

case has not been taken into account in the previous treat-

ments ill, (21.. . . . .
From a practical point of view, the present analysis is

mainly concerned with the case where Q.C,L or 2r/31 is consid-

erably small, relative to Q,Z, O. For simplicity, it is assumed

that Q=Q.,, P8Z=0, and K&O. It is further assumed that

lAa/cool Q.~,o<<J. This assumption is justifiable in the prac-

&cal device3 (where aO=lO’O, Aco~ 105, Qc.,0~ 102, and .TNl).

Then, from (19) and (20), we have

= coor PO cos (Awt – O.) (27)

dO (l’/Qex,o) sin (Awt – O.)

%= 1 + (2r(310/Qez,o) cos (Awt – O.)
(28)

where 140 and 1’= VO are used. From (28), it can immediately

be seen that the frequency deviation dO/dt has higher har-

monics of Aw. Rewriting (28), we obtain

de ()r—. —
dt — Q&J,o

{ ()rfllo. sin (Awt — 00) —

}

— sin (2Acd — 2190) .
Qez,o

In solving (27), for small I al (a =AuQ.., o/cooJ), we will obtain

~ V as the form of power series in a by applying the perturba-

tion method.

Rewriting (27), we have

3 Note that Y and K are extended definitions of nonlinearity saturation

factors.

r VII
(3P = — cos (Ad — 00)

J

Qm,o

–{

2rplo

}

ds~
— 1 + ~~ COS (Ad – O.) ;; . (29)

UOJ

The second term of (29) is regarded as the perturbation

term. The zero-order 6 F’ is

(8p). = (1’~o/J) cos (AoJt – 00). (30}

Substituting d(~ V) o/dt into (29), we obtain the modified 6 V,,

(~ T7)I. Repeating a similar operation, we obtain highly modi.

fied 6 V as

~17 = x cos (Ad – O.) + am sin (Ad – O.)

— za2 cos (Ad — 190)+ . 0 .

+ %uq sin (2Ad – 200)

— jxa2q cos (2Ad — 2L90) + o . .

— }za2q2 COS (3Awt — 36.) + o . . (31)

where

x = I’~o/J, q = 21’@o/Q,z,o < 1, a = AuQ,z, o/ucJ.

Substituting (29) and (31) into (18), we obtain the detected.

signal 6 VB, which has the higher harmonic components of Au.

If ] a I <<1 and q <<1, the higher harmonics can be neglected.

In the particular case of q >1, Qez= Qen,o+ Q..,L becomes

negative periodically. In the period of Qe$<O, 3 P diverges

with time and the oscillator becomes unstable. For unstable

operation, the present analysis becomes invalid. However, the

mode jump into the stable mode of Q,r >0 may be expected as

soon as the oscillator enters into the unstable mode of Q,z <0.

In this case, from (28), it can be expected that, following the

mode jump, frequency deviation dO/dt will monotonically

increase (in the case of v <O) or decrease (in the case of w> 0)

until the next mode jump.

V. FREQUENCY CONVERSION WITH

FREE-RUNNING OSCILLATOR

This section presents a theory on frequency down-conver-

sion with a free-running oscillator. The basic network is

shown in Fig. 2, where VI and VZ are the incident signal and

output voltage waves, respectively, at reference plane A. The

active network (whose admittance is F1), including the nega-

tive-resistance diode, is connected to the ideal isolator through

the lossless transmission line with characteristic admittance

YO. The incident signal passes through the isolator and the

output power is absorbed by the isolator. It is assumed tha~

the oscillator is not injection-locked by VI.

VI and the ac voltage V across YI, which is sinusoidal with

slowly varying amplitude and phase, can be expressed by

where V= Vl+ Vz and coo is the free-running frequency. VI is

independent of V2. VI and V satisfy the relation

v, Yo + YI

v= 2 Yo,
(34)
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Fig. 2. Diagram for a free-running oscillator
as a frequency down-converter.

In (34), assume that OJ, V, and dc bias voltage VB are deviated

slightly from free-running values COO,VO, and VBO, respec-

tively. Then the deviation of Y1 can be expressed as

()d YI
+— . (Vi? – VBO). (35)

~vB VBO

From (34), we have

VI = & [Yo + yl(~o, Po, VBO)+ 8Y,] v.

Using Yo+ Y,(uo, Po, VBO) = O and replacing w by m+ (dO/dt)

–j(l/ V). (d V/dt) in (35),

VI 1 d YI de{( )(- ,1 d6-~#A.@) = — —

v 2 Y. Eki dt ?‘3F”Z

‘(%)”’”+ (%)’VB} ‘3’)

where 6P= V— VO, 13VE= VB— V~O. From (36), we can derive

(:)”$+(%%%+(%)’”
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Equations (38a) and (38b) are the basic equations of the

free-rurming oscillator with independent incident signal.

For simplicity, it is assumed that POC@ez,o-O and IC=O.

Then, from (38a) and (38 b), we have

Qe.qo dd~()—‘-j- +~a~= ~,COS (Ad – 6) (39a)
OJo

dO (.JO ~,()()—.—
dt

~ sin (Acot – 0).
Qo Vo

(39b)

In crder to consider the injection-locking case, it is con-

venient to introduce a new phase variable@ =Awt –0 in (39 b).

Then we obtain Adler’s equation [13]. In that case, the total

frequency pulling range is determined by

()()VI
2AwL = 2 ~

Qofi”
(40)

Note that Q. is not equal to Q.Z,O, as defined in Section IV.

This implies that the effective external Q is affected by the

bias circuit.

We are not here concerned with the injection-locking case.

Therefcre, it can be assumed that [Aw I >>AcoL. In this case,

we can express 0 in the form

e=e, +ae. (41)

Considering [M] <<1,4 we have

d80/dt = AuL sin (Ad – 01). (42)

Similarly, from (39a), we have

Qtm,o ds~()—~+~8~=~,COS(Ad –6,). (43)
WIJ

Solving (43) and neglecting the term decaying with time, we

obtain

()C3GX+———() 6P ~ (vI/J) ~cos ~A@t_
13VB = 2 YO ~ cos (Aod – (9) (37a)

8VB 1+0?

+ () ()~ 8V. = 2 Yo ~ sin (Ad – 0) (37b)
~VB

where VI= G] +jBl and ~= Po. Substituting (18) into (37a)

and (37b) and using (15), we obtain

()VI
=WI)T

Vll
cos (Ad – 0) (38a)

()T71
u sin (Ad – @ (38b)

= ‘“O ?“0

where PO and QO are defined in Section IV, and -7 and K are

defined in (21a) and (21 b).

where

a = (AuQ,.,o\woJ),

191)+ a sin (Awt – 01)] (44)

J >0, Q,z,o >0.

If ] a I <<1 (which is justifiable in the practical device, as

previously mentioned), we have

8V = (r~/~) COS (Ad – %). (45)

Substituting (42) and (44) into (18), we obtain 13VB, which is

the down-converted signal. In the case where Qex is large to

the extent dM/dt is negligible, the power dissipation in the IF

load GE is

The incident RF power is given by

P&! = * YOV12.

i This is justifiable if AaL/]Au 1<<1.
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Fig. 3. Simplified experimental setup.

Therefore, conversion gain is given by

Gi =;= “(adI 2

dvi?

J2
(47)

From thern-ecedin~ discussion, itcan be seen that (42) and

(45) coinc;de with- (26) and”(25), respectively, if’ I”VO is

replaced by ~1 of (25) and (26) in the simplified case where

PozPa,oEO, KsO.
Section VI reports on an investigation by experimenting

with a Gunn oscillator wherein conversion gain can be posi-

tive, depending on operating conditions.

VI. EXPERIMENT

Sections IV-A and V show that the Doppler signal 6 VB

detected by the oscillator, including the moving object, and

the IF signal d VB, frequency-converted by the free-running

oscillator, behave in a similar manner and that their charac-

teristics are independent of the frequency Au, including the

limiting case of AcomO. With this understanding, experimental

research was conducted for characteristics of the frequency

down-conversion using the Gunn oscillator with a movable

load.

The setup for the experiment is shown in Fig. 3 (essen-

tially the same as [1, fig. 9]). The output power POf and the

oscillating frequency ~0 of the Gunn oscillator are typically

100 mW and 20.5 GHz, respectively. These values vary with

dc bias voltage ~Bo. The stub tuner forms a movable load.

The conversion gain obtained is

()

AI 2

;Rr ~

Gi =
Pof] r]’

where RI is the bias resistance, J7 is the reflection coefficient

of the movable load, and AI is the peak-to-peak value of the

sinusoidal fluctuation of the bias current which fluctuates

sinusoidally with the movement of the load. Fig. 4 is a plot of

the conversion gain for several values of RI. It can immedi-

ately be seen that conversion gain is positive for a large RI
(or small GI).

VII. CONCLUSION

The theory of the Doppler signal detection with a nega-

tive-resistance diode oscillator, operating simultaneously as a

signal source and Doppler signal detector, has been developed

using a realistic model of the oscillator, including a moving

object viewed through an antenna. The effect of the bias cir-

5} GUNN OIOOE GD518D

z
Q O\~ I 94
w -lo - “-o-o
E
2
0
0

P.- 20dBm

-15 - f,a - 205GHZ

~

DC VOLTAGE , Veo(V)

Fig. 4. Conversion gtin for a Gunn oscillator (diode: GD518D, NEC).

cuit taking out the Doppler signal on the RF operation of the

oscillator has been taken into account in the theory. Fre-

quency down-conversion with a free-running oscillator was

also discussed. The positive conversion gain was demonstrated

by the experiment using a Gunn oscillator with the movable

load,
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