
180 ISEETSANSACTTONSONhftCROWAVETHEORYANDTSCHNIQUJ3S,VOL.m-28, NO. 3, MARCH1980

K-Band Integrated Double-Balanced Mixer
HIROYO OGAWA, MASAYOSHI AIKAWA, MEMf3ER, IEEE, AND KOZO MORITA

Ab@nrct-A novel microwave integrated circuit (MIC) dordrle-bafsnced

ndxer with good isolation between the three ports is descrfbed. The mixer

Is fabricated US@ a combination of ndcrosbip ~ slotlinq and coapled

sloe together with four beam-lead Sehottky-barrier diodes. The K-

band m@c-T bav been developed for the doublehbmced mixer. The
ndrdmmn conversion 10V9meawued atasigrmlfrqueney of 19.6 GHs is

4.7~. Wtimkti~n ~md LO~h_k M~fmm 18

to 21 GHz. The mixer can be expeeted to lrave wide applications in MIC
receivers and transmitters up to the millimeter-wave band.

1. INTRODUCTION

R ECENTLY, microwave integrated circuit (MIC)

balanced mixers have been produced for use in

high-frequency bands [ 1]–[8]. Balanced-type mixers have

several desirable features, such as good isolation and

suppression of undesired signals. Though the hybrid

circuits are easily fabricated on a dielectric substrate, the

MIC high-Q filters which are needed for an unbalanced-

type mixer cannot be easily fabricated for the millimeter-

wave band. Consequently, the balanced-type mixer which

does not require filters is suitable for MIC’S in high-

frequency bands.

MIC balanced mixers have been constructed using

combinations of microstrip lines, slotlines, and coplanar

lines. In particular, the cascade connection of slotlines

and coplanar lines has recently been used for single-

balanced mixers [3]–[’7]. Four-port hybrid circuit have also

been used for single-balanced mixers. Double-balanced

mixers are not easily fabricated in high-frequency bands

because of the complexity of their circuit configuration as

compared with unbalanced or single balanced mixers.
In this paper, a new structure for a double-balanced

mixer is proposed using a combination of microstrip lines,

slotlines and coupled slotlines. Slotlines are employed as

the main MIC transmission line. The mixer .is composed

of an MIC magic-T ( 180° hybrid), and a diode circuit

with four beam-lead Schottky-barrier diodes. The magic-T

is developed for K-band [9], [10] and is an essential part of

the double-balanced mixer. Since this magic-T has a

four-port configuration different from that of the conven-

tional 180° hybrid, it is possible to construct a double-bal-
anced mixer with no crossing of transmission lines. The

high directivity of the magic-T will only result in good

isolation in the mixer if the diodes and diode circuits are

also well-matched to one-another. The diode circuit con-

sists of slotlines, microstrip lines and four beam-lead

diodes, and has low coupling of even LO harmonics to the
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RF input. The harmonic sidebands of mfLo t fw (m= an

odd integer) are obtained at the IF signal port. This paper

describes the circuit configuration, the basic behavior of

the mixer using its equivalent circuit and the experimental

results obtained in the 20-GHz band.

H. GRCUIT CONFIGURATION

The configuraticln of the double-balanced mixer is

shown in Fig. 1. This circuit is composed of an MIC

magic-T and a diode circuit. In this figure, solid lines

indicate slotlines and coupled slotlines on the substrate,

while dotted lines indicate microstrip lines on the reverse

side of the substrate. Two circular marks “o” indicate

cylindrical conductors used for connecting slotlines and

microstrip lines through holes in the substrate. @, ~,

and @ denote RF input port, LO input port, and IF

output port, respectively.

The RF and LO signals are fed into ports @ and @,

which correspond to the H-arm and the E-arm of a

conventional waveguide magic-T. The magic-T couples

the RF signal in-phase, and the L(I signal out-of-phase to

the two diode circuits. Matching between the magic-T and

the diode circuits is accomplished by the slotlines. The IF

signal is derived from port @. The low-pass filter is

connected to the IIF port in order to suppress undesired

signals.

III. MAGIC-T

To make double-lbalanced mixers, 90° or 180° four-port

hybrids such as a branch line hybrid, parallel coupled line

hybrid, a rat-rate, or a magic-T are required. These

circuits are easily fabricated on a substrate and are ap-

plied to various types of balanced mixers. This section

describes a K-band MIC magic-T with good isolation

characteristics.

The configuration of the magic-T is shown in Fig. 2.

This circuit is constructed with microstrip lines, slotlines

and coupled slotlincs. The magic-T is characterized by its

special four-port configuration, that is, the two ports @

and @, which correspond respectively to the El-arm and

the E-arm of an ordinary wave-guide magic-T, are located

on the same side opposite the other two-ports @ and ~.

This port location has a significant advantage for practical

applications, because this makes it possible to produce

balanced-type mixers with no crossing of transmission

lines. Crossing of lines is not suitable for a MIC structure,

because it needs additional bonding and causes signal

leakage which degrades the characteristics of balanced-

type mixers.
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Fig. 1. Configuration of double-balanced mixer, where solid fines are
slotline-s and eouckd slotfines on the substrate. dotted lines are micro-
strip lines on the-reverse side of the substrate.

Fig. 2. Configuration of K-band MIC magieT, where solid arrows and
dotted arrows are schematic electric fields for the even-mode and the
odd-mode of coupled slotlines, respectively.

l%? magic-T utilizes two orthogonal modes (even-mode

and odd-mode [11]) of coupled slotlines. The signals fed

into ports @ and @ are converted into the even-mode

and the odd-mode, respectively, Thereafter, these signals

are derived from ports @ and @. The electric fields for

the even-mode and the odd-mode are represented by solid

arrows and dotted arrows in Fig. 2. Isolation between

ports @ and @ is accomplished as follows: The signal

from port @is not coupled to the microstrip line of port

@ because of the orthogonal characteristic of the cou-

pled :slotlines mode. On the other hand, for the signal

from port @, the three-quarter wavelength slotlines

which facilitate matching of port @ behave as short-
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circuited stubs. Thus the signal from pOrt @ iS not Fig. 3. pefio~W of MIC ms@eT. (a) In-phase coupfing characteris-

propagated to port @, because the signal is short- tics. (b) Out-of-phase coupling characteristics. (c) Isolation character-

circuited at the intersection of the slotlines with the micro- istics.

strip line port @.

The magic-T is fabricated on a 0.3-mm thick alumina

substrate with a center frequency of 20 GHz. To measure

the performance of a magic-T, waveguide to microstrip

transitions were necessary because the experimental

equipment consisted of waveguide circuits. The waveguide
to microstrip transition in this experiment is a ridged

waveg~ide type [12], having six quarter-wave sections.

Ports @ and @ are connected to microstrip lines using

microstrip to slotline transitions, each having a quarter-

wavelength. The insertion loss of the waveguide to micro-

strip Transition is less than 0.2 dB and the return loss is

greater than 20 dB in the 18- to 20.5-GHz band. Fig. 3

shows the experimental results of the MIC magic-T. In

Fig. 3, dotted lines indicate the reference power level. The

in-phase and out-of-phase coupling characteristics shown

in Fig. 3(a) and (b), have some frequency sensitivity due

to the effect of the waveguide to znicrostrip transitions.

The couplings between @-@, o, and @e.@, @ are

4.O& 0.8 dB over a range of 19–21 GH.z and 4.050.4 dB

in the 19.5- to 20.5-GHz band. The isolation between port

@ and port@ is greater than 20 dB over a range of 18

to 21.0 GHz and greater than 30 dB in the 19- to 20.5-

GHz band.
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IV. fXODE CIRCWIT

As shown in Fig. 1, the diode circuit of the MIC

double-balanced mixer consists of two impedance-match-

ing circuits, four quarter-wavelength slotlines, two pairs of

beam-lead Schottky-barrier diodes, two cylindrical con-

ductors with a diameter of 0.5 mm, and a microstrip line.

The equivalent diode circuit without the impedance

rnatchim circuit is shown in Fig. 4. In this figure four

0-0 @anx)actquarter-wavelength slotlines S1 , S2 ,

as short-circuited stubs for the LO and RF signals be-

cm.we these signals are short-circuited at the point directly

below the microstrip lines which are connected to port a.

In this type of double-balanced mixer these quarter-wave-

length slotlines are used to utilize effectively the RF and

LO powers fed to the diodes. The basic principle of the

mixer is described as follows:

When the RF and LO powers are fed into the diodes,

total current appearing at port ~, port @ and port @is

expressed as follows (see Appendix):

i~( t) = 4ai. VRFll(a VLO)COS(6.+0 – CJw) 1

+ 4ai, VRFI1(aVLo)cos(aLo + COm)t

+ 4ai, vRF13(avLo)cos(3tiLo – &)w) t

-1-~”. (1)

i~(t)= his VRFIO(a VLo)cos cdwt

-t-4aiJ V~~1z(aV~o)cos(2@~o – co~~)t

-i- 4(xi, vRF12(avLo)cos(2tiLo + am) t

-!-4ai, Vw14(aVLo)cos(46JLo – tiw)t

+... (2)

i@(t) = ~ai$ V~o[ ~~(a V~o) + ~~(a V~o) ]cos Lot

where

CY

v RF

v Ix?

‘RF

%o

Ik

+ 4~i$ v~o [ ~~(~ vL~) + ~q(~v~o) ] cos 3 Lot

+ 4ai, VLO [ IA(a VLO) + Z6(aVLo) ] cos 5 Lot

-f-... (3)

diode slope parameter,

amplitude of the RF signal which is applied to

each diode,

amplitude of the LO signal which is applied to

each diode,

RF angular frequency( = 2%’’W),

Lo angular frequency( = 2@Lo),

modified Bessel function of the first kind of

order k.

From (1), it can be seen that the total current at port @

only contains frequency terms mfLot fw(m # O), when m

is an odd integer, From (2) and (3), it can be seen that the

frequency terms mfLo ~jRF, where m is an even integer,

and the fundamental RF signals appear at port @ and

the fundamental and odd harmonics of the LO signal

appear at port @.

Thus the H?, sum frequency and harmonic sidebands

(mfLo k fw; m= odd integer) are obtained at port ~. The
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Fig. 4. Equivalent circuit of diocfe circuit.

image frequency signal does not appear at port a and

port @ but at port @). Therefore, the band stop filters

constructed at the eighth-wavelength slotlines, as shown in

Fig. 1, are connected to the slotlines in order to suppress

the sum frequency. A five-section low-pass filter [13]

formed by the microstrip line is also connected to the IF

port in order to suppress those undesired harmonics. TRe

cutoff frequency of the filter is 8 (l&. In this type of

double-balanced mixer it is comparatively easy to reac-

tively terminate the image signal if the LO frequency is far

from the RF frequency.

The impedance of the beam-lead diodel is measured by

a network analyzer, using the waveguide to microstrip

transition mentioned in Section IIL ClaAs Schottky

barrier diodes used here have a typical series resistance of

2.5 L?, a junction capacitance of 0.05 pF at zero bias, a

stray capacitance of 0.05 pF and an ideality factor of 1.17.

The RF impedance of the diode at 20 CiEI.z is 20 –~40

(Q), when the bias current is 0.5 mA at which the mini-

mum conversion loss is obtained. The impeciance-match-

ing circuit for the diode is designed as shown in Fig. 1

using a quarter-wavelength impedance transformer and a

short-circuited stub connected in series to the slotline in

order to cancel the capacitance of diodes. It is noteworthy

that short- or open-circuited stubs can be easiiy connected

to the slotline. This configuration of the matching circuit

is suitable for adjusting integrated circuits, because the

stub length can be easily changed by bonding with gold

wires or ribbons.

V. EXPERIMENTAL RESULTS

11-ie double-balanced mixer shown in Fig. 1 is fabri-

cated by a photolithographic technique on a 0.3-mm thick

alumjna substrate with a relative permittivity of 9.6. A

500-A thick nickel-chromium and 6000-~ thick gold are

deposited on the substrate by a vacuum evaporation

method. Fig. 5 shows photographs of the mixer pattern. In

Fig. 5(a) is the pattern of the microstrip line on the reverse

side of the substrate and Fig. 5(b) is the pattern of a

slotline and coupled slotlines on the substrate. The gold

thickness of the microstrip lines and slotlines in this

1V558 of NEC
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Fig. 5. Photograph of double-balanced mixer. (a) Microstip pattern on
the reverse substrate. (b) Slotline pattern.

circuit is 3 pm, which is electrically plated after the

photoetching process. A top view of the entire integrated

mixer is shown in Fig. 6, including the waveguide to

microstrip transitions at the RF and LO ports and the

coaxial connector at the IF port. The microstrip pattern

can be seen in this photograph.

The measured conversion losses of the mixer are pre-

sented in Fig. 7 for several LO frequencies. These losses

include the insertion loss, that is, 0.2 dB of waveguide to

microstrip transition and 0.5 dB of low-pass filter. As can

be seen in Fig. 7, the minimum conversion loss attained at

a sigual frequency of 19.6 GHz is 4.7 dB. The cause for

some frequency sensitivities in conversion loss is probably

the positional inaccuracy of the holes on the substrate and

the bonded diodes on the slotlines. Another reason is that

four diodes used here are not completely matched. The

isolation between ports @ and @ is greater than 20 dB,

and ‘between ports @ and @ greater than 30 dB, as

shown in Fig. 8. As described above, the double-balanced

mixer used for the 20-GHz band has good isolation be-

tween the three ports in addition to a low conversion loss,

due to the effective combination of microstrip lines, slot-

lines, coupled slotlines and two pairs of Schottky-barner

diodes.

VI. CONCLUSION

A new MIC double-balanced mixer has been success-

fully developed, which is suitable for high frequencies up

to the millimeter-wave bands. This mixer consists of an

MIC magic-T and a diode circuit. These circuits are

constructed by using combinations of microstrip lines,

slotlines, coupled slotlines and beam-lead diodes. The

coupling characteristics of the magic-T are typically 4 dB

between 19 and 21 GHz and isolation is greater than 20

dB in the 18- to 21-GHz range. The minimum conversion

loss of the mixer is 4.7 dB at a signal frequency of 19.6
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GHz, and isolation between the three ports is greater than

20 dB in the 18- to 21-GHz range. This type of double-

balanced mixer can be made without crossing transmis-

sion lines, and its configuration is very suitable for the

beam-lead diode. The signals appearing at port @ are the

IF signal and the harmonic sidebands. The image signal

does not appear at port a or port @ but does appear at

port @ This mixer can be easily fabricated using

ordinary MIC techniques and can be applied to other
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balanced type devices, such as balanced modulators anct

balanced upconverters.

*PENDIx

Equations (l)–(3) are derived as follows [ 14]–[16].

Fig. 9 shows the schematic circuit for illustrating the

signal flow around the diodes. In this figure, the four

quarter-wavelength slotlines in Fig. 4 is regarded as two

coplanar lines for the current appearing at port @. In Fig.

9, when the voltage V is fed into diodes Dl, D2, Q, and

Dd, the instantaneous currents passing through diodes il,

iz, is, and i~ are written in the usual expressions.

jl= –j~(e–”v– 1) (4)

iz=i,(eav–l) (5)

i,=i,(eav-l) (6)

j,= -j~(e-~v- ~) (7)

where a is the diode slope parameter and is is the satura-

tion current. From (4)–(7), the differential conductance

for each diode is expressed as follows:

gl ==diJdv= ai,e-uv (8)

g~ = diZ/dV= ai,e”v (9)

gj = di~/dV= ai,e”v (10)

gd = dWdV= cxi=e‘“V (11)

We assume that the conductance of the diodes is mod-

ulated with periodic signals

v= VLOCOS@Lot, for D1 and D2 (12)

V= V~ocos(@Lot + ~), for DB and D4 (13)

where u~o = 2nfLo is LO angular frequency and VLO is the

amplitude of the LO signal applied to each diode. The

conductance of the diodes are expressed as follows:

gl(t) = aisexp[ – avLocos ‘LOt]
(14)

g2(t) = aisexp[ avLOcOs ‘LOt] (15)

g3(t) = aisexp[ avLOcOs(aLOt +‘) ] (16)

g4(t) = aisexp[ – avLOcOs(@LOt +‘) ].
(17)

Furthermore, the RF signal

v = VRFCOSaR# (18)

is fed into the above differential conductance, where

o~~ = 2T-W is RF angular frequency and V= is the

amplitude of the RF signal applied to each diode. From

the instantaneous currents passing through the diodes,

ilz(t) and i34(t) are expressed as follows:

ilz(i) = iz(t) – ii(t)

= 2ai~sinh[ a VLocos 6JLot]

. [ vLocos(dLot + Vwcos(dwt]

= 2ai, VLoI1(aVw)

+ 2ai~ vLo [ II (av~o) + ~~(avLo) ] cos 2tiLot

+ 2ai, VWI1(aVLo)cos(@Lo – uw) t

A/4 STUB

I
, I I

SLOTLINE MICROSTRIP LINE

Fig, 9. Schematic circuit of Fig, 4.

+ 2ai, VWI1(aVLo)COs(uLo + @W)t

+ 2ai= VLO[ I~(aVLo) + lJaVLo) ]cOShmt

+ 2ai, V&J~(aVLo)cos(3aLo – tiw)t + . . . (19)

= 2ai,sinh[ aVLocos(aLot + W)]. [ VLoCoS(aLot + 7r)

+ Vwcos 69RFt]

= 2ai~ vLoI1(a V-LO)

i- 2ai$ VLO[ Il(a VLJ + ~~(a VLO) ] C0S(2tiLot + 27T)

+ 2ai, VuI1(aVLo)cos(qot -t-Qwt -1-7r)

+ 2ai$ VLO[ I~(aVLo) + IJa VLO) ] C0S(4toLoi + 47r)

+ 2ai~ Vw13(aVLo)cos(3@mt –o+@ + 7r)

+. . . . (20)

Total current expression at port @ is

= 4ai~ VRFI1(a VLo)cos(aLo – @w)t

+ 4ai, VRFI1(aVLo)cos(aLo + OJw)t

+ &xi$ VwIg(aVLo)cos(3aLo – tuRF)t

+ . . . . (21)

In (19) and (20), the following formula is used:

sinh(Zcos O) =2 S 12A+ ~(Z)cos(2k+ 1)6 (22)
k=O

where lk are modified Elessel functions of the first kind of

order k.
It can be seen that the total current at port @ only

contains frequency terms mfLo ~ fm(m #O), where m is an

odd integer.

In Fig. 9 sum cm-rent il + iz and is -t iq flow toward the

magic-T. These currents do not appear at port @, but

appear at port @ or port @. These currents are ex-

pressed as follows:

i;z(t) ==ii(l) + iz(t)

= 2ai~cosh[ a VLocoscJLot]
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= 2(xi, VLO[ Io(a VLO) + 12(CIVLO) ]cosCIJLot

+ 2ai, VRFIO(a VLo)cos Umt

+ 2ai, VLO [ Iz(a VLO) + 14(cxVLO) ] cos 3a~ot

+ 2ai= VRF12(aVLo)cos(2tJm – tJRF)t

+ 2ai$ VRFIJaVLo)cos(26JLo + aRF)t

+ 2ai~ VRFIJaVLo)cos(4COLo – QRF) t

+. . . . (23)

ij~(t) = iJt) + iJt)

= 2ryi~cosh[ VLocos(qot + T) ]” [ VLocos(aLot + T)

+ Vwcos (.!+@]

= 2ai$ VLO[ 10(aVw) + 12(aVLo) ]cos(cqot + 7r)

+ 2ai$ VRFZO(aVLo)cos L+&

+ 2ai~ V~o[ ~~(aV~o) + ~q(a VLo) ] cos(3@~ot + 37)

+ 2ai$ VRFIJaVLo)cos(2aLot – u=t + 2T)

+ 2ai$ V~~12(aV~o)cos(2~~ot + t.owt + 27r)

+ 2ai, VmIJaVLo)cos(4uLot – U=t + 47r)

+. . . . (24)

In (23) and (24), the following formula is also used.

cosh(Zcos6) = 10(Z) + 2 ~ l~(Z)cos2k0. (25)
k=l

From (23) and (24), the currents appearing at port @ and

@ are expressed as follows:

i&t) = ijz(t) + ij,Jt)

= 4ai~ VRFIO(aVLo)cosuwt

+ 4ai$ VRF12(a F’LO)COS(2@L0 – @m) t

+ 4ai~ V~~Z2(aV~o)cos(26+-o + Uw)t

+ 4ai, VRF14(aVLo)cos(L&JLo – tim)t

+. .$. (26)

if~(t) = i~z(t) – ij~(t)

= 4ai~ V~o[ ~~(av~o) + ~Z(avLo) ] cOs%ot

+ 4ai, VLO[ Iz(a VLO) + Z4(aVLo) ] cos 3ti~ot

+ 4ai, VLO[ Iq(a VLJ + Ic(a VLO) ] cos 5aLot

+. . . . (27)

It can be seen from (26) and (27) that the frequency

terms Z@m +~m, where m is an even integer, and the

185

fundamental RF signal appear at port @, and the funda-

mental and odd harmonics of the LO signal appear at

port Q.
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