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AM an~d FM Noise of BARITT Oscillators

JOSEF L. FIKART, MEMBER, IEEE

Abstract—AM, FM, and baseband noise of a BARITT diode oscilla-
tor in the range 100 Hz–50 kHz off the carrier has been measured

under various operating conditions. A simple calculation has been

made, relating the baseband noise to tfie oscillator AM and FM

noise via measured amplitude and frequency modulation sensitivities

and the results have been compared with the noise measured. It is

shown that, depending on the bias current applied, both AM and FM

noise performance can be degraded by u~p-coriversion. Complete re-

moval of” up-converted noise requires a high-impedance low-noise

bias supply since both the diode noise and bias supply noise at

baseband frequencies may be significant wheri up-converted. Even

with all modulation suppressed, the AM and FM noise has a flicker

component almost completely correlated with the diode flicker

noise at baseband frequencies. The RF power dependence of the AM

and FM noise has also been investigated. It is shown that the BARITT

oscillator noise compares very favqrably with that of IMPATT’s and

TEO’S. Values of – 142 dB/100 Hz (AM noise) and 3.5 Hz/(100 Hz)llz

for Q.,i = 200 (FM noise) have been measured at 30 kHz off the

carrier.

I. INTRODUCTION

WITH their capability of producing low-noise micro-

wave power in moderate amounts, BARITT diodes

have become potential contenders to TEO’S in 100al oscil-

lator applications. Several theoretical studies of small-

signal noise in BARITT’S were cacried out [1]–[3] and the

principal noise sources (except for flicker noise) seem to

have been identified. The results were given in terms of the

small-signal noise measure. No theoretical large-signal

noise analysis has been presented so far; perhaps the

theories in [4], [5] or [6],[7], originally conceived for

IMPATT’S, could be used for this purpose once a suitable
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large-signal deterministic analysis is available for the

BARITT diode. The experimental data on noise measure

[8]-[11] indicate relatively small ~differences (10 dB

on the average) between the small-signal and large-

signal noise measures of BARRITT diodes.

However, there still is a considerable lack of information

on the behavior of BARITT oscillator AM and FM noise,

rather than noise measure, under various operating

conditions. One reason for investigating AM and FM

noise directly is the fact that the large-signal noise measure

transforms differently into them [5], [6]; one can intro-

duce the concept of AM and FM noise measure [5].

Another factor is the modulation noise which can some-

times completely mask the so-called “primary” noise, i.e.,

the internal noise generated by the device in the band

about the center frequency. An effort in this direction

was made by Herbst and Harth [11], [12] who measured

the frequency modulation sensitivity of a Pal-n-p+ BARITT

diode in dependence on modulation frequency and bias

current, in conjunction with FM noise measurements.

It is the purpose of this work t,o find out, by means of

simple calculation and experiment, how both the total

AM and FM noise are influenced by modulation noise,

bias impedance levels, RF power level, etc., and to de-

termine” what minimqm AM and FM noise can be ex-

pected and under what conditions. we will also be inter-

ested in seeing how the BARITT noise compares with that

of other solid-state microwave generators.

II. CONDENSED THEORY

From the simple equivalent oscillator circuit in Fig. 1,

and using well-known formulas for the primary noise

deduced from [13], [14], the following relations can be

written for AM and FM noise, respectively, while ne-

glecting cross correlation between “primary” and modu-



518 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, MAY 1974

q 1 I
v%

Fig. 1. Ckcillator equivalent circuit.

Iation noise:

lcTBMA~
(N/C) D.BAM = m

primary

+BiS*~2[(V~2(t) )n+(@(t) ),]/l.Z~+Z, (Q)12 (1)

modulation

(Afrm,)’– f“’ ~T@MFM(-JX,2 p“
\

primary

+B&~2[(V~2(t) )q+”(V2(t) ).]/\ .Z~+ZO(Q) 1’ (2)

modulation

where (N/C)DSB
AM is the do@le sideband noise-tO-

carrier ratio, Aj,~, is the rms frequency detiation, f. is the

oscillation frequency, PO k the RF output power, Q.x$ is

the external quality factor, k is t~e Boltzmann’s constant,

T = 290 K, B k the noise banclividth, M-AM and MFM are

the AM a~d FM noise measure, respectively, 8.4M and

SF ~ are the AM and FM current modulation sensitivity y,

respectively, ( ) ~ denotes spectral density at a baseband

frequency ~, and the rest is obvious from Fig. 1, except for

the nonlinearity factor s defi~ed by [14]

seen that (4) and (5) give the limits

or

Both I p. I and M, or more directly, the spectrum of the

noise voltage v(t) which determines M, generally increase

with oscillator power level and this can be determined by

measurement or calculation [5], [6] which, however, is

somewhat involved and requires a computer. Here we

shall only point out that the noise measure M of a non-

linear active device depends not only on its intrinsic noise

around the oscillation frequenoy but also on that in the

baseband (even if up-conversion through modulation }s

eliminated) and on the intrinsic noise at the oscillation

frequency harmonics:

where SFF ( ) is the power spectral density of the intrinsic

noise process and C’l, 1 are coefficients depending on the

oscillator power level and various active device and

circuit parameters. The cross-correlation factor can be also

expressed by means of these coefficients [5]. It is seen

that the term “primary noise,” as applied to the first terms

in (1) and (2), is somewhat inappropriate because of

the interconversion indicated in (8).

The large-signal theories of [5] or [6] were applied to

IMPATT diodes and good agreement was obtained tith

measurements. There are no theoretical data for large-

signal BARITT noise as yet, but measurements indicate

that the large-signal noise measure M is approximately

in the range 2 1–29 dB as against the small-signal M of

approximately 12–20 dB. This is a relatively small change

compared to IMPATT’S where M can typically increase from

the small-signal value of some 34 dB to some 60 dB or even

more.

s = $ ~0 N 2 (at full power) (3) III. CALCULATION OF THE PRIMARY AND
9 MODULATION NOISE

where A. is the magnitude of the RF current at the

oscillation frequency jo.

The noise measures MA ~ and M~~ differ from the

ordinary noise measure M because of the possible cor-

relation of the sidebands of v(t) under large-signal con-

ditions [5],[6]. For the simple case of a phase stabilized

oscillator and for low modulation frequencies

MA~ = M(l + \po ICOSZ) (4)

and

MFM = M(l – Ip, I COST) (5)

where

is the complex sideband correlation coefficient [5]. It is

We shall now estimate the individual contributions to

the AM and FM noise for the BARITT diode used in the

measurements described in Section IV. The diode param-

eters are given in Table I. For this diode, the AM and

FM current modulation sensitivity was measured in the

bias current range 10–20 mA (Fig. 2). Incidentally, these

data cannot be directly compared to those in [12], where

unfortunately, no reference to the external Q was made

and also, no adjustments for maximum output power

were applied at bias current values lower than the max-

inium current used. The curve of FM sensitivity versus

bias current looks rather different if an effort is made

(as is the case with the present data) to retune the circuit

for maximum power output at each value of bias current.

The curve of RF power versus bias current, measured

under said conditions, is given in Fig. 3.
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TABLE I

DIODE PARAMET ERS

p+-n-p+ BARITT diodle

3
Width “. 81i

Reach-through voltage % 56V

l?ax. dc current 5(I d

Max. output wer
!

20 mw
(at 6.5 GHz

DC CURRENT 10 (mA,J

Fig. 2. AM and FM current modulaticm sensitivities as functions
of bias current. (RF output power adjusted to maximum for each
value of bias current.)

s
o. 01 1 ,

10 15 20 25

IX CURRENT 10 (MA )

Fig. 3. RF power and low-frequency ac resistance (measured at
30 kHz) as functions of bias current. (RF output power adjusted
to maximum for each value of bias current.)

The low-frequency ae resistance of the diode was also

measured (Fig. 3) as it will be needed in (1) and (2).

Finally, a measurement was made of the spectral density

of the diode noise voltage, both due to the internal noise

mechanism in the diode and due to the noise from the bias

supply. The latter contribution was found to be relatively

high even if a low-noise current supply was used (Fig. 4).

To be able to measure the diode noise proper, an additional

filter had to be used with the current supply as indicated

in the insert of Fig. 4. As expeoted, a fair amount of

flicker noise is seen to be present in the pure diode noise.

Let us now calculate the modulation noise for Io =

15 mA, where maximum output power was obtained with

this particular diode, and at modulation frequency 30

kHz. Assuming ideal noiseless bias supply, the AM noise

due to the up-conversion of the diclde low-frequency noise,

for Z~ = O, will be (in decibels)

~
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Fig. 4. Low-frequency &lode noise voltage versus frequency.
Curve a shows open circuit diode noise voltage for 1, = 10–20
mA. Curves f+h show the noise voltage across the diode ac re-
sistance due to the following:

curve b: current supply at 10 = 20 mA, no filter;
curve c: current supply at 10 = 15 mA, no filter;
curve d: current supply at 10 = 10 mA, no filter;
curve e: voltage supply at 10 = 15 mA, no filter;
curve j: voltage supply at 10 = 10 mA, no filter;
curve g: current supply at 10 = 10 mA, with filter (see insert);
curve h: current supply at 10 = 15 mA, with filter (see insert).

[

(v’(t) )k,
(N/(2) DSBAM(mOd) = 10 log SAM2B —&’2 1

= 20 log 8AM + 10 log B(v’(t) )Q

– 2010g Rac = (–36 + 60)

— 118 – 51 = –145 dB/100 Hz.

(The 60-dB term arises from the need to express SAM

in decibels per ampere. ) This can be compared to the

primary noise expected. Taking MAM = 20 dB, s =

2,P0= 10mW, T= 290K, B = 100 Hz, andk= 1.38X

10–2s J/K, we obtain

kTB~AM = _ 144 dB.
(N/c) ~s&~@im) = 10 log

Po(s/2)’

Hence, if MA~ = 20 dB is close to reality, we can expect

a 3-dB increase in AM noise as the primary and modulation

noise are almost equal. Also, as can be seen from Fig. 4,

the bias supply noise is lower than that of the diode so that

the total noise increase should rem.qin close to the above

3 dB. This is not very much. For 10 = 20 mA, the modula-

tion noise should be completely negligible since the

modulation sensitivity y is by some 10 dB lower than that

for 10 = 15 mA. However, the situation is entirely dif-

ferent for 10 = 10 mA in which case the AM modulation

sensitivity is by some 10 dB higher than at 15 mA and

Ra~ is smaller. Here the modulation noise will be more

than 10 dB higher than the primary noise and the con-
tribution due to Mlas SU-@y noise will not be negligible.

Assuming again ideal noiseless bias supply with zero

output impedance (ideal voltage source), the FM noise

due to up-conversion of the diode low-frequency noise

will be (I, = 15 mA, frequency 30 kHz)
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“[an’ao’(-w=1’8HZ
foralOO-Hz bandwidth and Qex~ = 100.

The primary noise, taking ikl~~ = 25 dB, Q,x$ =

100, B = 100 Hz, will be

(A.fms)prim = %

(1.38 X 10–23 X 2.9 X 102 X 102 X 3.16 X 102 112
.

10–2
)

= 6.74 Hz.

The total noise in a 1OO-HZ band and for Q.Xt = 100 is then

Aj.~, = [ (A2jr~,) prim + ( A2&) m“d]lfz = 18 Hz.

This constitutes a significant increase over the expected

primary noise. If the voltage supply is used, the effect of its

own noise (Fig. 4) should be negligible as it is much lower

than the diode noise at 30 kHz and, therefore, the total

FM noise should be close to the above figure.

In order to eliminate the influence of up-conversion on

FM noise, a current bias source must be used. However,

as can be seen from Fig. 4, the noise of our current supply

comes quite’ close to that of the diode at 30 kHz, if no filter

is used. One can therefore expect almost the same amount

of up-converted noise as in the previous case. If the filter

indicated in Fig. 4 is used in conjunction with this current

source, this up-conversion will be eliminated and the

resultant FM noise should be close to the primary noise.

This measure will be needed even more at 10 = 10 mA

where the influence of up-conversion should be more pro-

nounced since the ac diode resistance is smaller. Con-

versely, at 20 mA, there should be less up-converted noise

at 10 = 20 mA because of higher ac diode resistance. In

this latter case the bias supply noise will contribute more

strongly if the current source is used without a filter.
These preliminary conclusions will be confronted with

actually measured values of AM and FM noise in the next

section. One additional remark is in order at this point;

the values of MAM and MFM seem to have been chosen

somewhat arbitrarg y for the primary noise calculations.
This is really so to an extent since otherwise they would

have to be determined from the relatively involved

theories in [5] or [6], which would also require a suitable

large-signal analysis of the BARITT diode. However, it has

been observed with IMPATT’S [6] that the AM noise is

always smaller than would correspond to the simple noise

measure M, i.e., MA~ < M and, consequently M~~ > M.

Assuming that this is also true for BARITT’S (although on a

smaller scale because of less pronounced nonlinearities),

and taking M = 23, we estimated MA M = 20 and MF M =

25. The experimental results in the next section will show

whether this estimate was reasonable.

:1? .Curmllt mwce.
no filtw I

; 1 1 , i I
5 10 15 20

OC CURRENT b (IIIA j

(a)

m

:3 1 , ,
5 10 15 20

i
25

DC CURRENT b (tnA )

(b)

Fig. 5. (a) AM noise as a function of bias current. (RF power ad-
justed to maximum for each value of bias current.) (b) FM noise
as a function of bias current. (RF power adjusted to maximum
for each value of bias current.)

IV. AM AND FM NOISE: MEASUREMENT

RESULTS AND DISCUSSION

The AM and FM noise of our BARIT~ diode oscillator

was measured by means of a direct-detection noise-

measuring system described in detail in [15]. It is basically

the system of Ashley et al. [16] with some modifications

which improved sensitivity y at low modulation frequencies.

The BARITT diode, the data of which are given in Table

I, was imbedded in a J-band coaxial resonator with two

tuning slugs which made possible fine adjustment of

frequency and of output coupling. The diode was oper-

ated at 6 G~z over the bias current range l&20 mA.

The maximum power achieved was 10 mw. Both voltage

and current bias sources were used and their noise proper-

ties measured with the results indicated in Fig. 4. The

noise measurements were carried out in the baseband

frequency range 100 Hz–50 kHz.
In Fig. 5, the AM and FM noise at 30 kHz off the

carrier is shown in dependence on bias current for the

three different bias sources indicated. At 15 mA, the

increase in AM noise due to up-conversion (when chang-

ing from current source to voltage source) of low-fre-

quency diode noise is approximately 3 dB, while at 10
IUA the change is approximately 15 dB, and at 20 rmk it is

OdY 1 dB, which is obviously within the limits of meas-
urement inaccuracy. These values are in good agreement

with the calculated ones in Section III. This is also true

for the measured and esti~ted values of primary noise.

The FM noise, when using the iiltered current source,
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Fig. 6. (a) AM noise of Si IMPATT, Gun ~, and BARITT oscillators in
dependence on baseband frequency (distance from carrier). Also
shown is the low-frequency BARITT diode noise voltage spectrum.
(b) FM noise of Si IMPATT, Gunn, and BARITT oscillators in de-
pendence on baseband frequency (di~stance from carrier). Also
shown is the low-frequency BARITT diode noise voltage spectrum.

was measured to be 7 Hz/(100 Hz) 1/2at 15-mA dc current

and with Qext = 100, which agrees with the estimated

value of FM primary noise. This seems to confirm that

the value of MFM = 25 dB was well chosen. The actual

MEM for pure white noise may be somewhat lower how-

ever, since at 30 kHz we are still in the reign of flicker

noise. The same reasoning applies to the above men-

tioned AM noise. More importantly, there is a good

agreement between the estimated and measured values

of the up-converted FM noise at 15-mA dc current;

Ajw. jumps from 7 Hz/(100 Hz) 112to 21/(100 Hz) 112

when changing from filtered current source to voltage

source, which compares well with the calculated value of

18 Hz/(100 Hz) 112.Fig. 5(a) and (b) also shows that while

additional filtering of the current supply does not in-

fluence AM noise too much, its effect on FM noise is quite

pronounced and very desirable. Only by using this filter

could the FM noise be reduced to the primary level.

It is known that BARITT diodes exhibit a certain amount
of “flicker” noise at frequencies below approximately

100 kHz [11]. Fig. 6(a) and (b) shows the results of the

AM and FM noise measurements in the baseband fre-

quency range 100 Hz–50 kHz, taken with the diode de-

scribed by Table I under “ideal” conditions, i.e., with all

modulation noise (both due to the diode noise and bias

~
I I ,,

fO=6GHz
?? -120 - f&30 kHz
~

o
~ ~ IMPATT (~ 30mAJImax -110 IlwJ

~: \

z

:~
.5 .6 .7 .8 .9 1
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(a)

E

U
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84R1n (b-15rnA , Pmax=IomW )
5

.

~
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:.
m

~z

52
,5 06 .7 .8 .9 1

RELATIVE OUTPUT FOWER Pflmm

(b)

Fig. 7. (a) AM noise of Si IMPATT and BARITT oscillators as a f unc-
tion of the relative output power P/Pmmx. (b) FM noise of Si
IMPATT and BARITT oscillators as a function of the relative output
power P/Pm.x.

supply noise) eliminated. Also, the diode was operated

at 10 = 15 mA where minimum “primary noise” was

obtained. A comparison is made with the baseband noise

voltage. It is seen that in both cases the two curves run

almost parallel, indicating a definite correlation between

the baseband noise voltage and the AM and FM noise,

even if all modulation is suppressed. This can be only

explained by referring to (8). Tb e power spectral density

SFF (Q) at baseband frequencies, of the intrinsic noise

process, can significantly influence the resultant noise

measure at the frequency of oscillation. Hence any int-

rinsic flicker noise, superimposed on the so far known

white noise sources in BARITT’S (shot noise and velocity

fluctuation noise) can be up-convetied in a manner which

is partially immune against the external circuitry. There-

fore, this kind of “internal” up-conversion can be elimina-

ted only by removing the flicker noise source itself; this

will probably be the matter of improving device tech-

nology.

Also shown in Fig. 6(a) and (b) are the data measured

by the author on a 6-GHz Si IMPATT, and those of a typical

X-band TEO, taken from [17] and scaled to 6 HGz and

Q~.t = 100. It is seen that both the AM and FM noise of
the BARITT compare most favorably with those of its

most serious contender, the TEO ( Gunn).

Finally, Fig. 7(a) and (b) shows the dependence of the
BARITT AM and FM noise on RF power level. This meas-

urement was again taken under conditions giving lowest
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noise, i.e., with the filtered current supply and at 10 =

15 d. Previous investigation of IMPATT diodes [6],[7]

showed both theoretically and experimentally that their

FM noise could be significantly reduced by reducing (via

undercoupling) the output power level by some 30 per-

cent. Fig. 7 shows that, in the case of BARITT’S, nothing can

be gained with this approach as the change of Af,~, with

power level is very small in the high power region, com-

pared to IMPATT’S. Moreover, the AM noise would de-

teriorate, instead of slightly improve as is the case with

IMPATT’S. Both these effects are related to the fact that the

noise measure of BARITT’S, unlike that of IMPATT’S, does

not increase very much with RF power level. No detailed

information is available for me’s in this respect, but from

[17] one can deduce a behavior similar to that of BARITT’S.

It is seen, however, that even at full RF power level the

BARITT oscillator noise can be very low indeed: at 30 kHz

off the carrier the AM noise is some 142 dB/100 Hz below

the carrier and the rms frequency deviation is approxi-

mately 7 Hz/(100 Hz) 112for Q.xt = 100, or 3.5 Hz/

(100 Hz) ‘1’ for Q..t = 200. The latter figure is very close

to the typical requirement on local oscillators in multi-

hop FM systems [18]. Therefore, no special high-Q

cavity would be needed from the short-term stability

point of view. Nevertheless, such a cavity might have to

be employed because. of the BARITT’S sensitivity to temper-

ature [19] and resulting long-term stability problems.

Alternatively, the modulation capability of the BARITT

diode could be utilized for long-term stabilization in an

automatic-frequency-control loop in a similar way as it

was done with an unspecified voltage-controlled oscil-

lator in [20].

V. SUMMARY AND CONCLUSIONS

AM, FM, and baseband noise measurements on a

BARITT diode oscillator were carried out under various

operating conditions. These data were found to be in

good agreement with the calculated primary and modu-

lation (up-converted) noise. The results can be sum-

marized as follows.

1) Depending on the value of bias current, both AM

and FM up-conversion noise can be significant when

compared to the primary noise. At higher bias currents

the effect of up-conversion on AM noise is smaller than

that on FM noise. This is in contrast to IMPATT oscil-
lators where FM up-conversion noise was found to be

negligible.

2) Because of the generally low diode noise level, the

AM and FM noise of BARITT’S can be significantly de-

graded even by the up-conversion of the baseband bias

supply noise. To remove up-conversion by modulation

completely, a well-filtered high-impedance bias supply

should be used.

3) Even if all the modulation is suppressed, the AM

and FM noise of BARITT’S has a “flicker” noise com-

ponent at frequencies below approximately 100 kHz,

running almost parallel with the baseband flicker noise

curve. This can only be caused by internal conversion

in the diode due to the combined effect of the diode non-

linearity y and large-signal excitation; the external circuit

has minimum influence on it.

4) The AM noise ‘continually decreases with RF power

level whereas the FM noise exhibits a minimum and a

slight increase afterwards. However, this latter effect

is so small that no significant noise reduction can be

obtained by reducing the RF power level, which again is

in contrast to the behavior of IMPATT’S [6], [7].

5) In the range of baseband frequencies 100 Hz–50

kHz, the BARITT compares very favorably with the TEO

and IMPATT. Even at 100 Hz off the carrier, the 6-GHz

BARITT oscillator had lower FM noise than a typical

6-GHz IMPATT, while the mo is known to sometimes

have FM noise higher than IMPATT’S at such low fre-

quencies.

The typical performance at 30 kHz off the carrier, of

the BARITT oscillator tested, was AM noise of some

– 142 dB/100 Hz and FM noise of approximately 3.5

Hz/ (100 Hz) 11’ with Q.x~ = 200. These values clear] y

show, at 1east from the short-term stability point of view,

the potential suitability of BARITT’S for local oscillator

applications. Also, in our limited observation, the p+-
n-p+ BARITT seems to be a much ~Ltougherl~ de~ce

compared to the TEO as far as their sensitivity y to various

circuit transients is concerned. One problem in the above

application may be that of temperature sensitivity y and

long-term stability in general. This area requires further

study and experimentation; the outcome will probably

depend on the feasibility of employing these otherwise

attractive devices as local oscillators in microwave radio

communication systems.
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New Thecxy and Design for HairPin-Line Filters

ULRICH H. GYSEL, MllMBER, IEEE

Absfracf—Hairpin-line and hybrid hairpin-line/half-wave parallel-

coupled-line filters are preferred filters for microstrip and TEM

printed-circuit realizations. This class of filters offers small size and,

in general, needs no ground connections for resonators.

A new design theory is presented that is based on a sparse capaci-

tance matrix for the array of coupled l@ es that constitute the filter,

as opposed to a sparse-inductance-matrix assumption @ previous

theories that is much harder to satisfy. It is shown that to a good

approximation, hairpin-line filters restdt from frequency-scal@g

half-wave parallel-coupled-line filters. IBecause of this; the band-

width can be accurately predicted.

Design procedures are given for Type-A filters, which are useful

up to 20-percent bandwidth. A variety of hybrid hairpin-line/half-

wave parallel-coupled-line filters is possible, and the’ir design is

explained. Numerical results for a mqnber’ of designs’ and experi-

mental results for a 5-percent bandwidth filter are ‘included.

I. INTRODUCTION

THE hairpin-line filter, like the half-wave parallel-

coupled-lipe filter, is one of the preferred configura-

tions in stripline or microstrip because ground connections

are not required. Basically, the hairpin-line filter can be

thought of as a folded version of a half-wave parallel-

coupled-line filter. The hairpin-line filter makes ‘a much

more compact filter than the half-wave parallel-coupled-
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line filter, but is expected to have much the same per-

formance. However, the additional coupling between the

two lines that constitute a hairpin resonator complicates

the design.

The image parameters for the in fipite periodic hairpin

line have been reported by Bolljahn and Matthaei [1].

Only recently, design equations have been given for finite

le~gth hairpin-line filters by Cristal and Frankel [2].

Their design theory is based on the assumption of a sparse

inductance matrix for the array of coupled lines. But for

most parallel-coupled-line-t ype filters, the assumption of a

sparse capacitance matrix is made. This, as Cristal and

Frankel [2] state, corresponds much more closely to the

physical reality than does neglecting inductive coupling

beyond nearest neighbors. Further, this design theory [2]

needs an empirically determined bandwidth contraction

factor, depending on the hairpin resonator coupling.

The present paper gives exact equivalent circuits for

odd-order hairpin-line filters of Types A and B that are

based on a sparse capacitance matrix. This leads to designs

that are exact for any practical purposes up to 20-percent

bandwidth for Type-A filters and up to 50-percent band-

width for Type-B filters. In particular, the bandwidth can

be predicted accurately. From a theoretical point of view,

it is most int cresting that the new design method explains

the bandwidth contraction factor in [2] and particularly

shows that it is independe~t of the number of resonators,

of passband ripple, and, largely, of bandwidth.. This is the


