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Ahtruct-’rhe w of Read-type HI-LO (fof)hw f)rofiies in VUM%LWS

for pararnebic ttmplifkr applications is shown to resldt in improved

performance over conventional stmctures. Optimal diode doping Ieveh

layer tldcknessesj and pump drive levels are derived which give specified

frequency performance Whae

ndaing nok?q
~ pump power requiremen~ mhd-

~ dYMI& ~, and redoebg ampfffier MXMitfv-
ity to pump power fluctuations. The optimum device design is based on

envtronmentsl Ihdtations such as pump power, cireoit Iowa% and tmped-

anee Ievek and the unavoidable diode series mistance level. Design

examples are given for 10- aod 1OO-GHZ parametric amptifb.

L INTRODUCTION

T HE PARAMETRIC amplifier remains an important

source of low-noise amplification in many applica-

tions, particularly at millimeter-wave frequencies and fre-

quencies beyond the capability of microwave transistors

(MESFET’S and BJT’s). As frequencies of operation in-

crease, the confines within which the amplifier must oper-

ate become increasingly restrictive and performance cor-

respondingly degrades. Inadequate or low pump power

and increasing circuit and device losses are among the

more important limitations encountered at millimeter-

wave frequencies. Within these and other restrictions it is

readily apparent that the varactor itself should be de-

signed to maximize the quality of amplification at the

signal frequency. With the ever improving technology for

device fabrication and the availability of complex, multi-

layer doping profiles, such as are used in Read-type

IMPATT diodes, device designs for “optimal” parametric

amplifier operation become a serious proposition.

In carrying out such a device design, it is important that

it be based on and specified in terms of the environmental

limitations such as pump power, circuit losses, and match-

ing impedance levels at the signal frequency. Although

there have been many detailed and extensive analyses of

the varactor-diode parametric amplifier [1], [2], of which

the more general references have been cited, there is little

information regarding optimal device design in terms of

the aforementioned limitations.

In this paper, parametric amplifiers using Read-type

HI–LO doping profiles are analyzed, and it is shown that

substantial improvements in performance over “conven-
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tional” uniformly doped structures are possible with these

devices. In particular, there is an optimum way to choose

the various doping levels and layer widths and pump th~e

diode to minimize pump power requirements, minimize

noise, or mamimize dynamic range and insensitivity to

pumping level fluctuations. The results are expressed in

terms of pump power limitations, unavoidable series resis-

tance levels and negative-resistance levels at the signal

frequency, and device area restrictions. An appropriate

profile is easily determined once these limitations are

specified.

In the following sections a qualitative comparison of

conventional and Read-type HI- LO varactors shows the

basic differences in operation and identifies the expected

advantages of the Read structure. The detailed analysis

gives optimal solutions and quantitative device design

information.

II. BASIC PROPERTIES AND ADVANTAGES OF THE

WAD-TYPE VARACTOR FOR PARAMETRIC AMPLIFIERS

Many of the advantages Read-type or HI–LO diodes

have over corwentional diodes for use in parametric

amplifiers can be inferred qualitatively by considering

their incremental elastances S (elastance = 1/capacitance)

as a function of diode removed charge q~, The elastance

waveform S(t) when the varactor is periodically pumped

is important in determining many amplifier properties.

The elastances as a function of removed charge for both a

one-sided uniform profile and a Read HI– LO profile are

shown in Fig. 1 along with S(t) waveforms resulting from

sinusoidal charge pumping. It is appropriate to assume

sinusoidal charge pumping in a parametric amplifier be-

cause 1) current or charge pumping has been shown for

conventional diodes to result in generally larger modula-

tion ratiosl than voltage pumping [1], 2) the nature of the

varactor model and pump circuitry results in approxi-

mately sinusoidal charge pumping at microwave frequen-

cies, and 3) this assumption allows straightforward solut-

ions for various amplifier properties to be obtained such

that device and pumping level optimization are possible.

For both of the cases shown in Fig. 1, the diode is

assumed to punch through before breakdown with uni-

form doping in each layer, and the minimum elastance

] The ratio of the fundamental component of s(t) to the maximum
elastance variation possible (&J.
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Fig. 1. Elastance waveforms obtainable bysinusoidal pumping of(a)a
conventional varactor and (b) a Read-type varactor.

near forward bias (q~ ~ O) is taken as zero. The elastance

waveforms achievable for the conventional varactor are

indicated in Fig. l(a), where forward bias (q~<O) is
avoided primarily for noise minimization. Below

punchthrough, the largest modulation ratio achievable is

0.25 and occurs when q~(t) = QO+ Q1 cos UPt has Q.= Q,

= Qpt/2, where Wp is the pump frequency. Only slightly

higher modulation ratios than this occur for pumping

above punchthrough; the largest value being 0.268 where

QO=Q1 =0.65 Q,,.

In the case of the Read profile, depending on the value
of QA, sinusoidal charge pumping can produce an S(t)

approaching a square wave to give a modulation ratio

approaching the maximum value [1] of 1/n or 0.318.
Furthermore, the offset Q~ reduces the possibility of

forward bias and the associated noise performance de-

gradation. Another apparent advantage with this profile is

that of reduced sensitivity of the elastance waveform, and

hence amplifier gain, to fluctuations (AM noise) when the

S(t) is substantially clipped. In addition, since the para-

metric amplifier dynamic range limitation is usually the

result of signal frequency power levels large enough to

affect the pumping and S(t) waveform [1], [2], a strongly

driven Read diode should have higher signal saturation

levels than conventional structures. This will be demon-

strated in the next section.

It may not be apparant that the benefits of the Read

diode can be obtained without large charge variations and

correspondingly large pump power; however, as the dop-

ing level of the low region is reduced, less charge pumping

is required to overdrive the diode, but the series resistance

goes up correspondingly, Since the series resistance of the

diode greatly affects the amplifier properties, an optimum

doping profile and pumping level can be derived. For the

Read profile, the parameters of interest will be:

1) the profile design for lowest pump power to achieve

a given level of negative resistance at the signal frequency;

2) the design for lowest noise at a given value of pump

power;

3) the sensitivity of the amplifier to pumping fluctua-

tions and expected improvement in dynamic range. These

topics are addressed quantitatively in the next section.

III. OPTIMIZATION OF HIGH–LOW PROFILES

The equations which govern the varactor diode para-

metric amplifier for constant series resistance are well

known [1], [2], particularly for the simplest case when only

the signal, idler, and pump frequencies are considered.

Varactor pumping does, in fact, result in periodic modula-

tion of the series resistance and this will additionally

contribute to the frequency conversion effects in a para-

metric amplifier. While in some cases the effect of such

resistance modulation may be substantial, for the profiles

studied here they modify the optimal solutions and doping

parameters by only a few percent while greatly complicat-

ing the analysis. Since the fabrication tolerance on any

given profile is probably several percent, resistance modu-

lation effects (including thermal noise cross correlations)

are neglected. A detailed analysis indicates that the aver-

age series resistance as pumped is important but higher

frequency components can be neglected. The nonlinear

varactor model is shown in Fig. 2(a), with the large- and

small-signal models under pumped conditions shown in

Fig. 2(b) and (c).

A. Description Equations for the Simplest Case

For small-signal operation of a pumped varactor, the

diode voltage o~ and current id are related by [1]

V~(t)=S(t)fi~(t) dt+ROi~(t)+en(t) (1)

where RO is the average series resistance, e~(t ) is the

associated thermal noise, and S(t) is the varactor incre-

mental elastance as pumped which can be expressed as

S(t) = ~ S~ejk”p’, s_K=s; (2)
—m

where aP is the pump frequency. In the case of the

simplest amplifier, the diode current i~(t ) is specified as

ju,t + l*e–juCti~(t)=I~e , (3)

where us is the signal frequency and Ui = UP– u, is the idler

frequency. Substituting (3) into (1) gives the Fourier volt-
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Fig, 2. Various varactor models for analyzing large-signal periodic and
small-signaf operation. (a) Varactor nonlinear model [ UD =f(qR) +
ltJqK)(@K/&) + en(t)]. (b) Large-signal model of pumped varactor
for q~=qr(t)+q~(t)[o~( t)= $ ,S(t)iAt)&+~,(/) iP(t)]. (c) Srnall-
signaf model of pumped varactor [u~=~(t) $ iJt)dt+ltOiJt), Ro==<
R=(t))].

age amplitudes at the signal and idler frequencies as

[1~=RO+* l,+
s,

—I: + En.
J(d, –jai

(4a)

and

‘*=*’s+[RO+$J’’+E’“’)
where Ens and E: represent the spot noise voltages around

a, and Oi, respectively, from the thermal noise e.(t) and

have mean square values in a A f bandwidth of

~ = ~ =4kT~RoAf (5)

where T~ is the diode temperature. When resistance modu-

lation is neglected, En,E~.= O.

When the case of a lossless, tuned idler circuit is as-

sumed, i.e.,

(6)

then, at the signal frequency

~= ZinI$+En (7)

where Zi~ = Rin +jXin with

1%12
Rin=RO– —

u~ai R o

xin=–~
(J,

and

s,
En =En=– E:, ,

–juiRo

(8)

(9)

(lo)

In addition to the input negative resistance level, two

other important quantities regarding amplifier perfor-

m
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Fig. 3. The incremental elastance S(q~) and series resistance R,(qR)
for an idealized Read HI–LO profile.

mance are the noise measure M defined by

(11)

where To= 290 K and T is the effective noise temperature

[1], and the average pump power P, given by

~= <R,(t) i:(t)> (12)

where < > signifies time average, iP(t) is the pump

current, and .Rs(t ) is the time-varying series resistance.

Using (8) and (10) in (11) gives the noise measure as

Jf=:(l+g/(-l+a)’ (13)
Equations (8), (12), and (13) will now be evaluated for a

varactor diode with a high-low doping profile sinusoid-

ally charge pumped to establish the criteria for optimum

performance.

B. Application to an Idealized High-hw Read Profile

The elastamce as a function of removed charge for a

HI–LO diode was shown in Fig. l(b). For analysis, it will

be assumed that the diode is a p+-nl-n2-n+ structure with

n ~ and n ~ uniformly doped layers. Furthermore, the n,-

Iayer is taken as highly doped compared to the nz-layer

such that Q~ is finite but S(Q~)<<Smw. Such profiles are

readily achieved in practice. With these restrictions, the

elastance-charge S(q~ ) and resistance-charge R( q~ ) rela-

tions are as indicated in Fig. 3. Here, AR is the total

resistance of the nz-layer and RP is the external and

contact resistance. For operation like a conventional dli-
ode, pumping would be restricted to Q~ < q~ < QPt. In

terms of the profile parameters

Sw .—mm eA

AR= w
qpN~A

(14a)

(14b)

and

QN= Qpt – QA ‘@DwA (14C)

where w and ND are the width and doping of the n z-layer,
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respectively, A is the diode area, Q~ is the total charge in

the nz-layer, p is the mobility, and q is the electronic
charge. Now for a given charge pumping, q~(t) = qP(t) >0,

S(t), R,(t), and RO can be found for use in (8), (12), and
(13). Since 11.(q~) can be written as

[1s(qR )
%(%t)=Rp+AR 1– ~ (15)

max

S(t) and R,(t) have basically the same time dependence

for any qp(t)o

Based on previous arguments, the pumping current is

assumed sinusoidal, and hence qP(t ) is written as

qp(f)=Qo+Qp Cos @pt, QP<QO. (16)

For maximum modulation ratio IS1 l/S~a, it is easily

shown that the pumping of S(q) should be symmetrical,

i.e., QO is chosen as

QA+Qpt
Qo= z (17)

and hence

so 1
—. .
S2

(18)
max

RO=RP+~ (19)

and

I
P

>
s,

— =F(p)=
smax

&“%+Bsin-$], ,>1

(20)

where

2QP

‘g Qiv
(21)

is defined as the pump drive factor. Hence ~ <1 corre-

sponds to typical operation of a conventional varactor.

Using (20) now gives the input resistance as

the noise

~z(b)s:ax
RiE=Ro– (22)

a~ai R o
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Fig. 4. The functions F(p) and ~2/F4(~) associated with pumping
level.

Of perhaps greatest interest are the two cases given below:

1) maximizing the amount of negative resistance at ~,

for a given amount of pump power or, equivalently,

minimizing the pump power needed to achieve a particu-

lar amount of negative resistance;

2) minimizing the noise measure for a given amount of

pump power.

To carry out the optimizations, the following normalized

variables are introduced:

AR
a=—

r=:%
RP

and

(25a)

(25b)

(25c)

In Case 1, (22) is used to eliminate S~.X in (24) to give

Pp=PoG(a, fl; r) (26)

where

c@@.#c 4A4R;
P.= (27)

P2

and

(
~(a, p; ,)= [l+((x/2)]3[ l+(a/2)+r]2 &

~z(~)s:ax
M=; 1+ )/(

–1+

)

‘~:):~ax (23) Clz F4(@) “

o u;R~ .$1

and the average pump power as

The three parameters which relate to the profile (doping

and width) and the diode pumping are S~u, AR, and ~.

Thus for given pump and signal frequencies and any area

A with associated Rp, these three variables can be adjusted

to give optimum performance in some prescribed sense.

(28)

For any value of r, values of a and /3 can be found to

minimize G(sx, ~; r) in the usual way. Shown in Fig. 4 is a

plot of F(p) along with /32/F4(~), indicating an optimum

value ~, very close to 1.1 independent of r, and dictating

that the pump power should be used to overdrive the

n ‘-layer and partially clip the S(t) waveform. The mini-

mum value of @2/F4(/3) is 241.4. It is apparent that the

benefit of overdrive in the HI– LO profile is inconsequen-

tial to that available from a fully pumped conventional
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diode.2 However, it will be shown later that overdrive can

greatly improve dynamic range and gain sensitivity to

pump power.

The optimum value a, which minimizes G is found by

setting aG/&x = O and is given by

#

For small r, a,~4/3, while for large r, a,~4. Hence the

value of the n-layer resistance AR is optimally a few times

RP. With respect to a and ~, G(Lx, /3; r) has rather broad

minimums so that these parameters are not overly critical.

From the optimum values a, and /?,, S_, w and the

doping ND can be determined using (14). The width and

doping are given by

where

and

)!
----

Pptpo \ Inn

/7 r-

,02i&<so.1
-0.01 01 1.0 10 100

r

Fig. 5. Minimum pump power requirements and noise measure as a
frmction of normalized resistanm level r.

{[l+(a,/2)][l+( a,/2)+r]}’12 ~30a)
W=wo

F(~,) 70r~70

ND= No
{[l+(a,/2)][l+( a,/2)+r]}1/2

%F(P, )

with

(30b)

(31a)

(31b)

Of interest is that NO is independent of A and RP and

increases with frequency.3

In the minumum noise case, (24) is used to eliminate

S~= in (23) to give

m=

l+KR
F2(/l)a

/3[ 1 +((2/2)]5/’

–l+K
F2(~)a

~[ 1 +(a/2)]5@

where

(32)

(33)

and

R=~$/ui. (34)

To optimize M> O with respect to a and P for any value

of K and R, the value of F2(fl)a/fl[ 1 + (a/2)]5i2 must be

maximized. The maximum value of F2(~)/~ occurs at &
which is the same as that found for the minumum value of

@2/F4(/3) in Case 1, i.e., ~= 1.10. The value am which

z~ = 1.0 is ~q~valent to a futly pumped conventional diode.

3Note that Q,= lXin/Ri. I at ~, is obtained from 2- Q.=
(w/wO)/r for any r.

“ l—_— ALuL___~ “

001 0.1 1,0 10 100

r

Fig. 6. Optimum profile doping and width of the LO region as a
function of normalized resistance r.

maximizes a/[ 1 + (a/2)] 512 is easily determined as am ❑=

4/3. Since am and /?n are constants, the values of doping

and width can be found for any value of r by using (30)

and (31) with am and & replacing a, and & Also, for a

given value of r, am and & can be used in G(a, ~; r) to

obtain the normalized pump power level PP/Po. Shown in

Figs. 5 and 6 are plots PP/Po, m at maximum negative

resistance, w/we, and N~/NO as functions of r for both

Case 1 and Case 2. As observed in Fig. 5 at a given value

of pump power, a minimum noise solution results in only

a slightly lower value of negative resistance than the

maximum possible; in fact, the actual noise measure is

fortunately only slightly different for the two cases. The

ratio for the same T~ of the lowest noise temperature T~ to

the noise temperature T, at maximum negative resistance

is shown as a function of pump power for several u~/i~i

values in Fig. 7. Less than l-dB improvement is possible.
Also shown in the same figure is the degradation in

negative resistance occurring when a minimum noise solu-

tion is used.

Optimum doping levels and widths of the LO region,

the minimum lpump power, and the resulting noise tem-

perature m for 10- and 1OO-GHZ GaAs diode parametric
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Fig. 7, Ratio of noise measures and negative resistance levels for the

*IUII PmUP power cue and *W noise measure case.
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Fig. 8. Profile parameters, minimum pump power requirements, and
noise temperature for a 1O-GHZ parametric amplifier pumped at 50
GHz. $ =50 GHz; J= 10 GHz; diameter= 25 pm; RP=2 Q.
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Fig. 9. Profile parameters, minimum pump power requirements, and
noise temperature for a 1OO-GHZ parametric amplifier pumped at 300
GH2.4=300 GHz; J= 100 GHz; diameter=5 pm; Rp= 10 Q.

amplifiers are shown in Figs. 8 and 9, respectively, as

functions of the negative resistance at the signal frequency.

A diode area and corresponding external series resistance

must be specified for these calculations, and the doping of

the HI region is assumed large compared to that of the

LO region. This assumption is justified because of the

doping levels obtained. If the diode area can be halved at

the same value of RP, the pump power requirements are

012-3456 78911J

Fig. 10. Dynamic range improvement or reduction in resistance sensi-
tivity as a function of drive factor p.

reduced by a factor of 16. It should be noted that, from

the values of dopings and widths obtained for the LO

region, the relatively high doping and low width required

of the HI region to satisfy the assumption of Fig. 3 should

be easily obtainable with present fabrication technology.

Hence the original assumption regarding the profile is

reasonably self-consistent.

As noted earlier, the ~2/F4(fl) curve of Fig. 4 indicates

a negligible reduction in pump power from clipping of the

S(t) waveform, implying little benefit in this regard from

the Read profile. However, clipping of the S(l) waveform

can greatly improve the dynamic range of the parametric

amplifier as well as substantially reduce the sensitivity of

the amplifier gain to fluctuations in the pump power. The

dynamic range will be defined as the amount of signal

input power P. required to cause a change in gain AG in

the amplifier. Following the approach of Penfield and

Rafuse [1] yields

()
mu

P~,~ax=Pp ~ ~D(/3)
G (G–1)2 ‘P

(35)

where

[ p>l.

(36)

This result agrees with that of [1] for ~ <1. The function

D(B) increases rapidly as a function of ~, as shown in

Fig. 10. An appropriate interpretation of (35) is that for a

given gain G and specified AG, the value of P., ~~ with

respect to Pp increases with the drive factor (3. Hence for a

given amount of PP and realized gain G, clipping of the

S(t) waveform can afford a substantial improvement in

dynamic range. At the optimum @ of 1.1, D(B) is ap-
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proximately 5 dB. Of course, for fixed PP, as 1? deviates that substantial benefits in parametric amplifier perfor-

from 1.1, the negative-resistance level till decrease slightly mance are available by using Read-type or HI– LO varac-

and make the matching problem to achieve a gain G at ~~ tors,

somewhat more difficult.

Another benefit of overdrive is in the fractional sensitiv- IV. CONCLUSIONS

ity of RiB to fractional variations in the pump power. It has beern shown that the performance of parametric
Calculating this sensitivity gives amplifiers can be improved in general and specifically by

dF( R) use of Read-type HI– LO varactors. Optimum values for

dRin/Rin p ‘-;; ‘
doping levels and widths of the LO region and pump drive

levels have been specified which optimize certain perfor-‘(~) = dPP/PP E —
F(p) mance criteria when external limitations can be specified.

As these diodes become more available, their use ‘in para-

/ilsin-’ ~ -~~ metric amplifiers will increase, particularly at millimeter-

wave frequencies where pump power limitations and cir-

Bsin-’;+- ‘ ‘<1

“ (37) cuit losses ar~; most severe

1, /321.
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A 40-GHz Digital Distribution Radio with
a Single Oscillator

MASAYASU HATA, MEMBER, IEEE, ATSUSHI FUKASAW& MASAHARU BESSHO, SHOJI
MAKINO, w MICHIO HIGU~CHI

Absoact-New 40-GHs band dfgitaf radio equipment is described. h

the equipment we adopted a new at configuration consisting of a single

IMPAIT diode osciffator wbieh functions as both transmitter frequency

converter and receiver load oscillator sbnuftammusly. The principal system

deatgo faeto~ a unique IMPAIT diode aseillator mount mnfiitio~

and teat ressdts are described, ‘IW compact radio equipment is designed so

that it ensures ekceflent eo6t performance for eomruunkation systems in

local trunk servfq even in sfmrt hop applications resulting from rainfafi

attenuation to the new band

I. INTRODUCTION

I N INTRACITY and suburban areas, voice and data

business communications are expanding rapidly. In such

areas it is difficult to use buried cables, while there also

exists the problem that the radio spectrum is very con-

gested. Under these circumstances, in late 1974 the FCC

Manuscript received January 8, 1980; revised April 3, 1980.
The authors are with OKI Electric Industry Co., Ltd., 4-10-12 Shibaura

Minato-m Tokyo, Japau 108.

made the 40-GHz band available for such applications as

local trunk service.

In this paper, newly developed 40-GHz digital radio

equipment is described. For this radio equipment to be

used in local trunk service, it must firstly be of low cost,

since the channel loadings are small, i.e., up to 24 chan-

nels, and the radio span is only up to ten miles. Secondly,

it must interface with the digital signal format, i.e., PCM,

which is economically appropriate for a variety of signals

such as voice, data, FAX, etc. Thirdly, it must be easy to

install and maintain

Considering the above requirements, we have success-

fully developed a unique transmitter-receiver configura-

tion consisting of a single IMPATT diode oscillator which

functions as transmitter oscillator, up converter, and re-

ceiver local oscillator simultaneously. As a result of this,

we achieved considerable cost reduction while obtaining

smaller size, lower power consumption, better reliability,

and easier maintenance. The waveguide circuits, which
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