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Abstract -- A MMIC compatible Jumped clement  model  dis derdived for
symmetric width, uniformly coupled transmission lines., Tumpoed  ¢lement
values are calculated from the coupled line even and odd wmode inpedances
and clcectrical Jengtlh, An dmproved tochnigue is presentoed Lo calcoulate
lunped  cqguivalent circuit  values of  planar spiral transformers, which
improves on previous work in modeling planar spiral inductors and grounded
planar spiral transformers. The dnproved techniques a re oused Lo realize a
miniaturce 90 degrece hybrid using planar spiral transformers. Producibility
is enhanced and coupling is coffcctively increcasced with the novel usce of
scrices  capacitors which cancel  some  of  the scelf  dnductance  of  the
transformers.  Mcasured resulls are presented for both a qguadrature hybrid
and the individual planar spiral transformer uscd in the guadrature hybrid.

The measured results show czeellent agrecoment with the computoer models.,
1. INTRODUCTTON

1 ange coupler s [1] are planar devices which arce commonly usced in MMICs at
higher wicr owave {frequencics, A freguencics below 3.0 GHz, the Jenagth
approaches loem on GahAs which is very difficult to fabricate. A Junpcad
clement. iwplementation is nceded Lo solve this problem.

A coupled line scction can be modeled as an cguivalent lumped oloment
circuit similar to the way a transmission line can be modeled with Jumped

clememt s. A lransmission line jis modeled with shunt capacitors and series



inductors derived from the characteristic impcedance and phasce velocily
[2,3). Coupled lines can be nmodeled similarly if they are assumed Lo be in
a homogencous media. Details for the Jumped colement wodel of a coupleod
line scction arce given in scction 11,

The Planar Spiral Transformer (PST) is used Lo realize the Jumped clement
coupler as a planar structure compatible with MMIC technology. The pST
structure consists of a pair of tightly coupled lines spiraled in a manner

similar to the planar spiral inductors commonly uscd in MMICs [4,0].
11. 1 .UM CED FEILEMERNT C OUPI.ER MODET

TLampoed ¢l cemen  coupl ey model s using p] anar spiral 1 ransformershave been
described in the literature [6,9], but the cquations are not general. n
this scction, values for lumped clement coupled scctions of any ¢lectrical
Jenath arce do:‘jvocif This allows the designer to design a 20 doegreoe coupler
Ly cascading as many scctions of  shorter couplers as @ desired. For
instancce, two 45 degree scctions or three 30 degrec sections can be
cascaded Lo achiceve 90 degrces. A greater number of scctions more closcly
approximates a distributed pair of coupled lincs, Two 4L degree sections
perform much better than once 90 degrece scction; however, little is gained
wilh more than three scolions.,

Figurce 1 shows the paramcters of a distributed coupled line section, and
Figurce 2 shows the general lumped clement model for a coupled line section.
Starting from the characteristics of the distributed couplaed line scction
shown in Figurc 1, thce valuces for the lJunped c¢lement model in Figure 2?2 arc
derived by cquating the two circuits with ports 3 and 4 grounded ;l"I') cach
casce.  The olher 2 ports (port 1 and port ?2) arc then driven first in the
odd mode and then in the even mode.  When the grounded coupled line scct.ion

is driven in the odd mode as shown in Figurce 3a, the lumped cquivalent




circuit is that stiown in Figure 3b. When the groundedcoupl ed 1] ne secl ion
is driven in the cven wode as shown in Figure 4a, the Jumped equivalent
circuit is that shown in Figure 4b(2,3].

The values of Cg, Cer 14 aI‘IJ(i M can boe dotermined in terms of Zoo, Zoce,
and 0, Thi s is done by groundl ng port s 3 and 4 and repl aci ng the coupl ed
induct ors of Figure 2w t ht heir 77" cquivalent circuit as showninf igur ¢
ba . briving thi s circuit jn the odd ard cven modes resulls ir-r L he
cquival ent circuitls | n Figurce bbh.,  [-] The Y umpoed val ves arcequat edt ¢) t he

d i stri bul ed val uces as shown bel ow :

14AM: loe: Yoo sin®
’nf

1-M: loo: Yoo sin®
’n{

Cg: Coe: Lan O/?
Zoc ’2nf{

Cg12Ccs Coo: tan ©/2
700 2nd

Solving for 1, M Cg and Ccint erms of Zoe, Zoo, anti ©:

1= (Zoe4700) s$in®
anf

M: (40C - 700 sin®
an:

Cg:tlan /72
Z0C 211

ce: (L1 - .1 ) tan ©/2

kZOO Zo¢ ) indt

These are then the 1 umped ¢) ement val ues of Vi gure 2 whichrelatel t o
the coupled 1 ines of Figure 1,




111. MODI1 ¥F1 CATI ON OF LUMPED E]l EMENT COUPI KR

MODEL T0 1 M ROVE MAN UFACTURABI 1,1 1Y

A theorctical lumped element coupler model which covers a 3:1 bandwidth
using only two 45 degree scctions requires a midband coupling of 2.2 dB.
Figure 6 shows the lumped circuit for such a coupler resonant at 510 MHz
with equal loss at 250 MHz and 750 MHz. The coupler was derived using the
techniques descrjbed} in section 11.

The regquired coupling factor (M/1) for the coupled inductors in this
symmetric model is large (0.777). This is'difficult to real ze in prac:t.jco
becausce the gap spacing required for a PST is very small and

int erconne cting wire bonds and 1 incs addt o the sclf - inductance furt her
decreasing M 1.,

An addit. 1onal inductance of Inh (a typi cal valuce f orj nterconnecting
1j nes anti bond w res) can be conpensated for at band cent er by addi ng
48 .1pt capacit ors as showninf j qure*/

The compensati ng capacit ors arce 1 arge andadd undesd rabl ¢ compl exi ty to
the coupl er; therefore, the structu re shown in 13 gure 8 was devel oped usi ng
computer opt. imizat ion ( Super Compact ) . 1 t. hassmallerseriescapacitors
andel 1myr' nates the shunt capaci tors at. cach end of t he struc ture .

The st ruct ure sh¢ wHinf Jgur es */ & 8 bot h have an M/1, rat io of 0.733
which wouldyield?2. '/ dB of mi dbhand coupl ing wit hout t hec series
capaci t.ante; however both circuit s have a mi dband coupl i ng of 2.7 dB due Lo
thesce Capacitors. The st ruct ure of figure 8 has t he addi Li onal advantage

of bet.t.er VSWR anti j solat|j on over a 3: 1 bandwidt h . The VSWR | s under

1.22:1 and the i solat ion is great cr than 20dB.



Figure 9 compares the per formance of t he circuit s . The anp] i tude and

phase balance of the circuits shown in figurcs 6 and 8 arc very closce. The?
isolal ion of the c¢i rcuit shown in figure 8 is less than that. of figure 6
but st i 11 greater than 20 din. The circuit in figure 8 i S much casi er to
real i zebecauscthe 1ooser couplj ng (M/10) between the coupl ed j nducto rs

al ] ows for a larger gap i n the pST.

1V, PILANAR SPIRAI TRANSFORMER (PST)

The Planar Spira]l Transformer (} 'S1') anal ysis i s based on the work done by
Frlan et. al [ 4,5] in whichf requency dependent. €1 ement values arce
cal cu at ed f or a 1 umped el ement cquival ent circu it . Frlan's 1 umped el ement
circu t is shown in figurc 1 Oa. The cquivalent r)et. we)]-k shown in fi gure 1013
was used inst cad because it a] 1 owed the PST model Lo be incorporated into
the hybri d model shown in {3 gure 8. Closed form expressi ONS arc uscd to
cal culate the model element values, which are dependent on the physi cal
paramet ¢rsof the transforner . Frlan's work showsgood agreement wi th
measured data on PSTs used as a two port nel work, where one end of the
primary and secondary are grounded .

A 80 degree hybri d desi gn requi res an accurat e four port. model , wi t.bout-
any of the port s grounded. An i n- housec conputer model i ng capabi 13ty was
devel oped, appl ying the anal ysis technigues used by Frl an to anal yze PSTs,
uscd as a four port. network

Using the devel oped modeld ing capabi 1 ity, t he PST di mensi ons were
det ermi ned for the el emen t val ues requi red by the hybri d design . 7o
val idat ¢ the PST model , a frequency scaled (5x) PST was fabricat ed on
1. 27 mm thick alumina with */ .5 um thick 7i-W gold conductor metal liza ti on.

The dimensi ons of the sguare PST were 1651 urn x 1651 urn with 56 urn 1 ine



widths and 10 urn gaps. Thi s scaled c¢i rcuit corresponds to a MMIC design on
a 250 urn thi ck Gahs substrate Wil h 2 um gaps and 13 urn 1 inewidths.

Original Per formance predict i ons based on Frlan‘ s model for grounded PSTs
did not. providc a good match to the measured dat a . In order to produ ce a
usabl e model , the model el ement. val ues were varied Lo match the measured
dat a. The primary source of error in the predi cted model was Cm, the
primary- Lo ~secondary capaci tance . Fr] an * s predict ed Cm was .00 | ow Frl an
calculal ¢s the Primary . to- secondary capacit ante using 1 /2* (Co-Ce) * (1- €O s0),
where O represents the relative phase shift. bet ween a pair of segnent-s
~ bus, the Pprimary - to- secondary capacila@n ce is equal to zero at. d.c. and
i ncreascs as frequency increasces,

To provi de a nore accurate mode) , a physical basis for the gap
capacjt.ante was used. The gap capaci t.ante per unit 1 ength was cal cul ated
using Smith's Cgap: Cdel ta: Cfo'-Cfe' [8) and mult iplied by the tot al gap
1 engt h between the primary and the sccondary. 7This yielded a non- frequency
dependent value of Om equal to 1.8 pr, which was 58 times larger at. the
center frequency than the Cm cal ol @t ed using Frl an’ s method.

New predict ed data for the PST was generated using the new value of Om
Wi th al 1 of the other mode ] eleme nt val ues remaining the sare. Very good
agreenment, between the new predi cted and measu red data i s shown in Figures
1 la-h, with Cm being the only nodel elenment. different from¥rl an ‘ s nodel
Al so shown in' Figures 1la- h is the predict ed dat a using Frl ans technique
for calculating Cm

Although thi s anal ysis and Frl an's both use a constant. Keff versus
frequency, we believe thi s inproved technigue for calculating Cmi s nore

accurate than Frlan ' s four port PST model when used we] 1 bel ow resonance.



V.. FSrl’ QUADRATURE HYBRI D

A quadrature hybrid using PSI’S wit h series capacitors was developed using
the technique described in section 111 | pParasitics such as “T" junctions,
wire bonds, gap capacitances and interconnecting lines were included in t-he
model . ‘I’ he shunt. capacitors shown in figurc 8 were realized as radial
Stubs . When this circuit was optimized using Super Conpact-, the series
capacitors were further reduced {from 49pr to 33pF to improve
manufacturabi lity. 7This reduced the bandwidth, but still net. the design
requirements. The nodel for the fabricated circuit is shown in figure 12,

The PST quadrature hybrid (Figure 13) was fabricated using the sanme
process described for t-he PST in section IV The overall size of the PST
guadrature hybrid was 0.92 x 1.25 cm at the scaled {requency. This
corresponds to a size of 3.048 x 5.080 mma.the design frequency of 2.5
GHz . The layout was not. optimized for reduced size.

Good correlation between predicted vs. neasured data for the PST
Quadrature Hybrid is shown in Figures 14a-f. The predicted data utilize
the value of Cm calculated using Smith.

In summary, the PST Quadrature Hybridwas designed for a 2.2dB maximum
coupling and 3:1 bandwidth at. 1 .8 dB amplitude difference and achieved

2.1dB maximum coupling and 2.8:1 bandwidth at. 1. '/”/ dB amplitude difference.



VI . CONCILUS1 ONS

We have found that Frlan's model for calculating Cmis inaccurate for
transformers used as a four port network. Frlan notes that the most
sensitive components of the transformer model arc M and Cm, and he states
that. i f these equivalent- circuit components are not. calculated accurately,
the resonant frequency response ©f the model is severely affected. Frlan's
work is based on grounded transforners and the value of Cmis effectively
zero alt d.c. and increases with frequency. We have demonstrated a nore
accurate technique for -‘cal cul ating Cm which agreces Well with nmeasured data
for frequencies well below resonance.

W have shown general design equations for the PST hybrid. In addition we
have shown that highly mniaturized broadband’ quadrature hybrid couplers
are made nore realizable using PST' s with compensaling series capacitors.
This design offers a significant size reduction over TLange couplers and is
compatible with MMIC technol ogy, making it a valuable building block for

integration into larger MMIC circuit designs.
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