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At present, the output power is low because of the [7] M. M~da, S. Takahashi, and H. Kodera, “CW oscillation
characteristics of GaAs Schottky-barrier gate field-effect

narrow gate width of the GaAs FET used. However, an transistors,” Proc. IEEE (Lett.), vol. 63, pjp. 320-321, Feb.

output power of 1 W or more is obtainable with improve- 1975.
[8] S. Okasaki et al., “Microwave oscillation with GaAs FET,”

ments in the device in the future. The features described presented at 6th Conf. Solid State Devicw, Tokyo, Japan,

indicate that the GaAs FET oscillator will soon be joining Aug. 1974.

the family of microwave solid-state oscillators as a
[9] S. Asai et al:, “Single- and dual-gate GSAS Schottky-barrier

FET’s for microwave frequencies,” SupPt. J, Jap. SOC. APPZ.

promising new member. Phys., vol. 43, pp. 442-447, 1974.
[10] J. Gonda, “Lmge signal transistor oscillator design,” in 1978
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Harmonic Mixing with an Antiparallel Diode i)air
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BURTON A. NEWMAN, MEMBER, IEEE

Afrstracf-An analytical and experimental investigation of the

properties of an antipsrallel diode pair is presented. Such a con-

figuration has the following unique and advantageous characteristics

as a harmonic mixer: 1) reduced conversion loss by suppressing

fundamental mixing products; 2) lower noise fignre through sup-

pression of local oscillator noise sidebands; 3) suppression of direct

video detection; 4) inherent self protection against large peak inverse

voltage burnout. These results are obtained without the use of either

Iilters or balanced circuits employing hybrid junctions.
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I. INTRODUCTION ~

H ISTORICALLY harmonic mixing has been used

primarily at the higher millimeter vvave frequencies

where reliable stable LO sources are either unavailable or

prohibitively expensive. However, the conversion 10SS

obtained by harmonic rnixiig has been typically 3 to 5 dB

greater than that which could be obtained by fundamental

mixing at the same signal frequency [1], [2]. An analysis

[3], [4] has shown that such a large de~,padation should
not exist, but it assumes that fundamenta’11 mixing between

the signal and LO is suppressed. Funcllamental mixing
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will, however, take place unless the harmonic mixer pro-

vides a reactive termination for these mixer products. In

general, that is difficult to accomplish, e.g., in the case of

second-harmonic mixing the fundamental mixing differ-

ence frequency (f, — f LO) is close to the LO frequency.

In this paper, an analytical and experimental investi-

gation of the properties of an antiparallel diode pair is pre-

sented [5]. Such a configuration has unique and advan-

tageous characteristics as a harmonic generator or har-

monic mixer. In the latter application, which is treated in

this paper, it will be shown that this circuit provides:

1) reduced conversion loss by suppressing the funda-

mental mixing products;

2) lower noise figure through suppression of local

oscillator noise sidebands;

3) suppression of direct video detection;

4) inherent self-protection against large peak inverse

voltage burnout.

These results are obtained without the use of either filters

or balanced circuits employing hybrid junctions. J

II. ANALYSIS

In a conventional single diode mixer as shown in Fig.

1(a), application of a voltage waveform

V = VLO Sin OJLOt + V. Sin d

to the usual asymmetric diode characteristic results in the

diode current having all frequencies @LO & nj.. It will be

shown in this section that the total current of the anti-

parallel diode pair shown in Fig. 1 (b) contains only

frequencies for which m + n k an odd integer. The terms

in which m + n k even, i.e., even harmonics, funda-

,
-9—
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+
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Fig. 1. Mixer circuit. (a) Single diode mixer. (b) Antipsrallel diode

pair mixer.

mental mixing products (w — CJLO and oh + W LO), and

the dc term flow only within the diode loop.

The basic antiparallel diode pair circuit is shown in

Fig. 1(b). The instantaneous currents through the diodes

il and L may be written in the usual fashion

il = —i. (e–”V — 1) (1)

& = i~(eav – 1) (2)

where a is the diode slope parameter (a = 38 V–l for

typical high-quality gallium arsenide Schottky barrier

diodes). Similarly, the dMerential conductance for each

diode may be written as

and

(3)

(4)

The composite time varying differential conductance g is

simply the sum of the’individual cliff erential conductance.

9 = 91 + 92 = ai, (e”v + e–”v)

= 2ai. cosh aV. (5)

Examination of this expression reveals that g has even

symmetry with V and, as illustrated in Fig. 1 (a) and (b),

double the number of conductance pulses per LO cycle as

compared to a single diode mixer.

For the usual case in which only the LO modulates the

conductance of the diodes we may substitute

V = VLo COS @Lot

into (5) with the following result

g = 2ti”. cosh (CIVLO COS @LOt) (6)

which may be expanded in the following series:

g = 2c&[~o (avLo) + 212 (CXVLO) COS hLot

+ 21,(~VI,0) COS4cmot+ o..] (7)

where 1. (CXVLO) are modified Bessel functions of the

second kind. Notice that the conductance components

consist of a dc term plus even harmonics of the LO fre-

quency, (.OLO. For the applied voltage, V = VLO cos ULO +

V. cos u.t, the current expression is

i = g (VLO Cos COLOt + V. Cos C&t)

i = A COS WLot + B cos a.t + C cos .3(dLot

+ B COS ti@LOt + E COS (2wI,0 + w.)t

+ F COS (2@L0 – ws)t + G COS (4wKl

.+ HCOS(4WL0 – W.)t+ . . . .

(8)

+ w.) t

(9)

It can be seen that the total current only contains fre-

quency terms mj LO & nfs where m + n is an odd integer;

i.e., m + n = 1,3,5, . . . .

In l?k. 1 (b) a circulating current i. is also indicated.
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This current arises from the fact that Fourier expansions

of the individual currents il and ij reveal that certain

components of each current are oppositely phased. Because

of their opposite polarity, these components cancel as far

as the external current i is concerned and simply circuIate

within the loop formed by the two diodes. From Fig. 1,

one can mathematically describe this circulating current as

i. = (iz! – il) /2

= i.[cosh CYV– 1]. (lo)

Substituting

V = VLO COS ~LOt + V. COS d (11)

into the expansion for the hyperbolic cosine yields

[

~, = ~~ ~ + (VLOCOSQLOt + v.cosu,t)2 + . . . _l

2! 1
=; [VL02 COS2 a.ot + V? COS2 (&t + 2VL0V,

.COSULot COS f,d~t + - ● . I (12)

{

i, ~1,02 + V.’ vI.02 V?
=—

2 2
+? COS 2~L,0t + ~

o Cos 2W8t + vL,ovs[cos (WLO — W8) t

+ cos (WLO + d] + Q “ ‘

I

(13)

from which it can be seen that the circulating current only

contains frequencies mjo & nj,, where

m + n = even integer. (14)

Thus the antiparallel pair has the advantage of suppressing

fundamental and other odd harmonic mixing products as

well as even harmonics of the LO.

This natural suppression is lessened, of course, by diode

unbalance. If we first consider the case where the satura-

tion currents i, are different for the two diodes, then we

may let

i,l = i, + Ai. and i,’ = ia — Ai.. (15)

Substitution of the above expressions into (3), (4), and

(5) yields the following equation for the total conductance

9:

[ 1g=2ai. cosh aV + ~ sinh CYV . (16)
s

Similarly, if the diode slope parameters are different, we

may let

al=a+ Aa and at=a —Aa (17)

which yields the following expression for the total con-

ductance:

[ 1g=2a&.e@”)v cosh av + * sinh aV . (18)
a
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Notice that in both cases, the conductance function con-

tains the desired hyperbolic cosine term plus a hyperbolic

sine term whose coefficient is proportiorl al to either

Aia/i, or As/a. This hyperbolic sine term introduces con-

ductance variations at the fundamental and other hdd

harmonics of the LO. we may find the ratio of the con-

ductance component at the fundamental g(i~) to the con-

ductance component at the second harmonic g(2) by simply

substituting V = V. cos ti,t into (16) arid (18)

expanding (16) and (18) with the following result:

9(1) Ai. Il(aVo)—=— . for i, unbalance
~(2) i, 12(CIVJ ‘

and

9
(1) Aa ]1 (CYVO)

—=__ for a unbalance.
g(o a 12(avo) ‘

and

(19)

(~())

In Fig. 2 the ratio gflJ/g(2) is plotted versus As/a or

Ai,/i,. It can be seen that if one were to operate under LO

“starved” conditions ( VLO < 0.1 V) the effect of the un-

balance can be severe. However, for typical LO voltages of

0.7 V or greater, (19) and (20) reduce approximately to

9
(I) Ai.

for i, unbalance
9(2) = ~8 ‘

(21)

and

g(l) Aa
for a unbalance. (22)

Q(2) = ~ ‘

Thus the percentage unbalance in either i, or a translates

directly into the percentage of g(l) as compared {o g(2), This

does not mean, however, that the ratio of undesired fun-

damental conversion loss to the desired second-harnionic

conversion loss will be direetly proportional to g(l) /g(2),

since the conversion loss will depend on exal:tly what load

impedance is presented to the diode at the fundamental

mixing frequency. To accurately predict the fundamental

conversion loss, detailed characterization of the embedding

circuit at the fundamental mixing frequency would be

necessary.

The second-harmonic rnixhg conversion loss may be

estimated by noting (Fig. 1) that the pulse duty ratio

(PDR) [6] for the antiparallel diode pair will be essen-

tially double that attainable at the fundamental LO fre-

quency since the period at the second harmonic is halved.

Referring to Barber’s paper [6, fig. 4], a doubling of

~.
vL,-JvOltsI

Fig. 2. Unbalsnce versus LO power.
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the P~R (for the matched image case) from a typical

value of 15 percent to30pefcent represents a degradation

of approximately 1.5 dB for the second-harmonic conver-

sion loss as compared to fundamental mixing. Such an esti-

mate, of course, is only approximate since: 1) the conver-

sion loss depends on the terminations presented to the

diode at the various frequencies, and 2) the cited curve

from Barber’s paper is for an ideal diode with no series re-

sistance or shunt junction capacitance. Nonetheless, such

an estimate is useful in assessing the merits of the harmonic

mixing approach as compared to fundamental mixing.

It should also be pointed out that image enhancement

techniques can be used with an antiparallel diode pair

mixer to improve conversion loss. Such an experiment is

described in Section III of this paper, and also in a recent

paper by Schneider [7]. Schneider has investigated an

image enhanced stripline mixer with a very similar diode

configuration and achieved a conversion loss = 3.2 dB at

3.5 GHz.
The degradation of receiver noise figure due to LO noise

sidebands is also reduced in even harmonic mixing (m even,

n = 1), in an antiparallel diode pair as shown in Fig. 3. LO

noise sidebands (.fNL and jNH) whose separation from the

LO (jLo) equals the IF (fIF) generate IF noise which only

circulates within the diode loop when they mix funda-

mentally with the LO. Second-harmonic mixing of these

noise sidebands with thg virtual LO ( 2fLO) produces noise

which is not within the IF amplifier passband. Like a con-

ventional balanced mixer, of course, the degree of sup-

piiession is affected by the balance between the diodes.

Finally, the circuit has inherent self-protection against

large peak inverse voltage burnout since a reverse biased

junction is always in parallel with a forward biased junc-

tion. This limits the maximum reverse voltage excursion

to a value much less than the reverse breakdown voltage of

the diodes.

III. EXPERIMENTAL INVESTIGATION

In order to verify many of the predicted characteristics,

an antiparallel pair of GaAs Schottky barrier diodes were

shunt tnounted across a slot line. A 3-GHz LO input and a

4-GHz low-level signal were impressed at the slot line

input. A photograph of the output spectrum is shown in

Fig. 4. Note that the output at 3.fLO is much greater than

that at 2jI,0, and the absence of fundamental mixing

products, ~. – jLO and f, + ~LOj and the rekitively large
2-GHz IF output due to second-harmonic mixing (2.f LO –

f.) .
In another experiment, an existing rnicrostrip mixer was

modified to accommodate a series-mounted antiparallel

diode pair (see Fig. 5) so as to evaluate second-harmonic
mixing at 12 GHz using a 7-GHz LO. A measured curve of

the total circuit conversion loss (including the insertion

loss of the bandpass and low-pass filters and microstrip-

to-coa.xial line transitions %2 dB) as a function of funda-

mental LO drive is shown in Fig. 6. Although no attempt

was made to optimize the signal and IF impedance

matches, the 8-dB total conversion loss was comparable to

that obtained by fundamental mixing at 12 GHz.

P

TF,F=FS-2FL0

bF ‘ML ‘LO ‘NH 2FL0 FS
● F

FUNDAMENTALMIXINGOFFNL h FLOORFNH& FLOISSUPPRESSED,

HAfi!JONICMIXING0FFNL&2FL0 Ofl FNH&2FL0 lSNOTINTHEIFBANO

Fig. 3. Noise sideband mixing products.

Fig. 4. Power versus frequency for slot line mixer.

An experiment was also conducted into image en-

hanced harmonic mixing using the circuit shown in Fig. 7.

This circuit was originally designed for fundamental

image enhanced mixhig at the following frequencies [8]:

signal: f, = 9,5 GHz

LO:f, = 8,5 G~z

IF:flm = 1.0 GHz.

In order to motiy the circuit for the harmonic mixing

experiment, a second diode was mounted antiparallel

fashion across the first diode and the following frequencies

were applied:

LO: j, = 4.25 GHz

signal: f. = 9.5 GHz

IF:fm = 1.0 GHz.

The LO was injected via a directional coupler since the

resonant ring would only pass a narrow range of fre-

quencies about 8.5 GHz. The measured performance of this

mixer is shown in the table below.

Fundamental mixing f. –jz,o = 5.25GHz >45 dB
conversion loss

Harmonic image enhanced f, – 2j~o = 1.0 GHz <5dB
mixing conversion loss

LO harmonic suppression ~~Lo = 8.5 GHz >50 dB

For comparison, the measured fundamental image en-
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Fig. 5. X-band MIC harmonic mixer layout.

HARMONIC MIXER
CONVERSION LOSS

‘Lo=7GH2

I I I I I I I I
4 5 6 7 8 9 10 11 12
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Fig. 6. Conversion loss versus LO power for MIC mixer.
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Fig. 8. Millimeter wave diode cartridge.

Fig. 10.

Fig. 9. Waveguide harmonic mixer’ mount.

Lc VS PLO for Aoti-Parallel Diode Pair

20

m

~ 18
f~ :55 GHz

~ *LO=30 GHZ
m 16 f,F=5 13Hz
:
J 14
~
‘I 12
%’
: ?0

3

f
010 12 74

I
22 24 26

L$Pow:; (dB;;

Con~ersion 10SS vemus LO power for millimeter wave

harmonic mixer.

hanced conversion loss for this circuit before modification

was typically 3.5 dB.

A millimeter-wave harmonic, mixer was also investi-

gated. The antiparallel diode pair structure designed to be

inserted in a WR-15 waveguide is shown in Fig. 8.

The Westinghouse developed high-cutoff-frequency GaAs

Schottky barrier diodes are mounted on a 0.025-in-thick

sapphire substrate wljch is metallized only on the surface

shown. The smalJer metallic end cap connects to the center

conductor of the coaxial IF output port.

The disassembled mount with cartridge inserted is

shown in Fig.. 9. The width of the waveguide has been in-

creased to 0.280 in to allow propagation of the 30-GHz LO.

A curve of measured conversion loss versus LO power is

shown in Fig. 10. It can be seen that the minimum con-

version loss is 8 dB. This diode structure proved to have

considerable unbalance, however, as evidenced by the fact

that the fundamental conversion loss was also 8 dB. The

dc current flowing in the IF circuit was 4 mA versus O for

the perfect balance case. By way of comparison the dc

current in the X-band ryixers never exceeded 0.2 mA. It is

felt that this unbalance is due to slight differences in the
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length of the bonding wires which at this frequency have

an inductive reactance of approximately 6 fl/O.001 in of

length. Future efforts on this mixer will be concentrated on

keeping these wires as short and as equal as possible.

These experiments have confirmed the theoretical pre-

dictions of Section II and demonstrated the usefulness of

the antiparallel diode pair as a harmonic mixer. Potentially

the most useful application of this circuit will be at milli-

meter wavelengths although careful balancing of the diodes

will be required to realize its full potential.
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Effect of Temperature on Device Admittance of GaAs

and Si IMPATT Diodes

YOICHIRO TAICAYAMA, MEMBER, IEEE

Abstract—The effect of temperature on the small-signal admit-

tance of IMPATT diodes with uniformly doped and high-low doped

(Read) structures is investigated experimentafly and theoretically.

Small-signal admittance characteristics of X-band Si p+-n-n+,

GSAS M-n-n+ (Schottky-uniform), and GaAs M-n+-n-n+ (Schottky-

Read) IMPATT diodes are measured at various junction temperatures

for different dc current levels. Small-signal analysis is performed

on GSAS YMPATT diodes of uniformly doped and high-low doped

structures, and the calculated resuks on temperature dependence of

the device admittance are compared with the experimental results.

Reasonable agreement is found between theory and experiment. It

is shown that GSAS IMPATT diodes are superior to Si diodes in ad-

mittance temperature characteristics and that the uniformly doped

structure has a small admittance temperature coefficient in magni-

tude, compared to the high-low doped structure. It is also shown by

calculation that the admittance temperature coefficient of a punch-

through diode is small in magnitude, compared to that of a non-

punch-through diode.

1. INTRODUCTION

RECENTLY, Si and GaAs IMPATT diodes with various

structures have been developed. In their applica-
tions to microwave oscillators and amplifiers, temperature

variation of operating characteristics, such as frequent y,

power, phase, and noise, is a serious problem. The tem-

Manuscript received August 22, 1974; revised March 20, 1975.
The author is with Central Research Laboratories, Nippon Elec-

tric Company, Nakahar&ku, Kawasaki, Japan.

perature dependence of the device admitt ante of IMPATT

diodes is a fundamental factor for assessing the tempera-

ture characteristics of IMPATT oscillators and amplifiers.

Temperature dependence of small-signal admittance of

IMPATT diodes has been calculated by sevlwal authors for

restricted structures and operating conditions [1}E4].

However, those previous works are fragmental and do not

present a sufficiently detailed picture. Furthermore, no

experimental investigation to determine temperature ef-

fect on IMPAT~ diode admittance has been reported so far.

The purpose of this paper is to present a basic under-

standing of temperature effect on small-signal admittance

of IMPATT diodes with various structures, and to provide

an available guide for network and device design, con-

sidering the temperature effect. Small-signal admittance

characteristics of X-band Si p+-n-n+, GaAs M-n-n+

(Schottky, uniformly doped), and G:iAs M-n+-n-n+

(Schottky–Read) IMPATT diodes were measured at various

junction temperatures for different dc current levels.

Small-signal analyses of GaAs IMPATT diodes with the

uniformly doped and high-low doped (or Read-type)

structures were performed and the calculated results on

the temperature characteristics of GaAs IMPATT diode

admittance are compared to the experiments. Reasonable

agreement was found in the temperature dependence of

the device admittance between theoretical and experi-

mental results.


