1392 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 5, MAY 2002
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Abstract—For coupled-line systems, “matching” involves entire
impedance matrix networks and necessarily involves multiple
propagating modes. This paper presents the synthesis of sev-
eral matching strategies for symmetric coupled-line microstrip
structures mismatched with several types of simple passive
terminations. Detailed multiconductor transmission-line analysis
provides the basis for procedures to optimize the parameters of
several matching networks (stubs, reactances, transformers) that
yield significant line and mode reflection reduction resulting from
the mismatches. Measurement of synthesized structures verifies
the reflection reduction and power savings.

Index Terms—Coupled microstrip, matching networks, multi-

conductor transmission lines. i . ) . . i
Fig. 1. Cross-sectional and top view of microstrip structure showing

dimensions and geometries. An arbitrary complex load is assumed with the

network.
|I. INTRODUCTION

M UCH literature has addressed quasi-TEM propagatigflements, and transformers will be applied to coupled-line
in multiconductor transmission line (MTL) systemsyystems. Reasonable engineering approximations are utilized
[1]-{12]. Faster signals, smaller traces, and increasingly COi- simulation and measurement where necessary, and the

pact packaging are increasing the importance of this analy§igatching methods will be applied to a coupled three-line
Full-wave electromagnetic (EM) descriptions of coupledystem to exemplify matching for generalline applications.

transmission-line systems is also a major topic in COMPUthese may include transistor amplifier circuits substituting
tional electromagnetics and microwave research, especially Fﬁfcrostrip for coplanar technology, opto-electronics packaging,

high-frequency microwave applications where discontinuiti%ip_ and package-level interconnections, and parallel data
and radiation become significant. buses.

However, little has been presented regarding generakryis paper is organized as follows. In Section I, we overview
matching strategies for coupled microstrip given mismatchegd essary MTL longitudinal relations. In Section 111, we present
MTL terminations. Ponchak and Katehi [13] applied tuningeyeral matching strategies. In Section IV, numerical results and
stub matching to coplanar-waveguide systems on silicon. Kdpnylations of the synthesized matching networks are presented.

and Tzuang [4] reduced reflections using matched terminatigfhq|ly, the matching is validated with measurement results pre-
networks on six-line closely coupled microstrip circuits. Amarianted in Section V.

and Bornemann [5] minimized reflected power numerically by
determining an optimum resistive termination based on random
and deterministic source excitations. Sun [11] presented a
multiconductor quarter-wave transformer. Focusing on the microstrip structure shown in Fig. 1,
In this paper, we synthesize several types of matchifigroughout this paper we assume symmetry aboutrthe 0
networks for symmetric mismatched terminations in synilane and generalize the resultsitbnes (excluding the ground
metric, uniform, and coupled-line microstrip structures in thlane) where possible.
quasi-TEM regime. Employing MTL theory, stubs, reactive Under the quasi-TEM approximation, the propagating modes
are interpreted as physical system voltages and currents [1].
Manuscript received September 17, 1999 revised May 10, 2001, The wave equations are solved with a linear transformation and
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ith mode. Transformation& and H must simultaneously diag- 1z
LV

onalize both the distributed impedance and admittance matrices 7
Z andY [2] to uncouple the MTL equations, and must obvi- d
ously be nonsingular [2], [8] to enable transformation between

modal and conductor variables. Thecolumn vectora,,, and 7

i, are the modal voltage and current vectors that relate to the %
electric- and magnetic-field configurations for thenodes. :

Decoupling the MTL equations yields s

B
7 CL

s
S—,

l
EZYE '=HYZH ! = A2

111

(2)
Fig. 2. Coupled three-line system with load plane< 0) and tuning stubs.

whereA?2 is the (diagonal) eigenvalue matrix f@" andY Z.

Matrix A, contains the ordered complex propagation constaritequencies, more compact packaging, and complex termina-
vi=12,.. nformodesi =1, 2, ..., n. Inhomogeneous mediations will resultin significant mismatches. We now present some
(microstrip) generally yielda distinct eigenvalues [1] resulting approximate matching strategies for certain conditions.

in mode delaygl4]. We easily solve (2) using numerical eigen- Ideally, a “match” entails maximizing power transfer to the

value routines. load. In this study, voltage—wave matching will only approxi-
The conductor characteristic impedance and admittance maate this ideal since multiple propagating modes with distinct
tricesZg, andY'g, for the system are phase velocities give rise to wavelength ambiguities. Conse-

quently, we will start from the given excitation, as per [5], and
C =E'AT'EZ =Y =Z'E"'A,E (3) will determine the dominant mode to match. For moderate cou-
pling, a signal composed of multiple modes can be well matched
which agree with [6], [8], and [9] wher¥, the distributed for shortlengths since the mode velocities are relatively similar.
impedance, is replaced withwL, whereL is the distributed Though the unilateral voltage—-wave MTL matching to be con-
inductance for the lossless case. sidered here constitutes a limited set of real-world problems, it
The (» x n)-mode reflection coefficient matrix is will provide a rudimentary conceptual framework for more gen-
. eral MTL matching synthesis.
m c p—1 c p—1
L= [Am +EZYLE } [Am - BZY,LE } @ A Tuning Stub Application to Simple Mismatches
Correspondingly, the conductor reflection-coefficient matrix First, we consider applying open-circuited shunt stubs on the
that relates forward- and backward-traveling conductor voltag@gtside lines (1n) when the impedance between the outside

v+ andwv~ is shown by definition to be lines and ground is mismatched at the load compared to the char-
acteristic impedance. To elucidate this mismatch more clearly,
¢ = EUIME (5) We resortto the so-called “network impedance matrix” notation
of [14] and [15]. This matrix is a compact physical description
wheree denotes theonductor of an (» + 1)-terminal network where thg entry represents
The longitudinal input conductor reflection coefficient matri¥n€ impedance interconnecting nodeand;j when< # j or i
is [15] to ground when = j. For example, the load network is given
by Z1.. The conductor characteristic impedance ma#fx, if
IS(2) = E'Q(2)I™Q(2)E (6) realized as aload for a perfect unilateral match, woul&bg

where[Z, ];; # [Zu]i; in general. Thus, this outside line mis-
and is related to the longitudinal input admittance matrix ~ Match is easily written &2y J11, nn 7 [Zenl11, nn-
To match lines 1 and 3 using shunt stubs, we sHift(>)
C C C -1 C i -
Y (2) = [1, +T5(2)] 1, — TG(2)] @) toward the generator to a distance= —d such that

ch

wherel,, is the (@ x n) identity matrix. §Re{ [an]n} = [ 511] 1 (8)

On a Smith chart, this corresponds to the intersection of the
phase-shifted reflection coefficient and the- jX circle, pro-

We defineunilateral matchingas matching’s, to the char- vided the source impedance approximately equals the character-
acteristic admittance matri¢, of the lines, in essence, disre-istic impedance (in practice, the designers may have flexibility
garding the sourceBilateral matchingaccounts for the sourcein choosingY's, and could choos¥ g = Y, to approximate
and considers the output admittance mak¥fjx, looking toward bilateral matching if possible). Fig. 2 shows stub parameters in
the source conjugately matched¥q, for some pointa, i.e., a coupled three-line microstrip.

Yi.(z = =d)] = [Y...(z = —d)]*. Forn > 2, exact matching  We assume that the stubs do not couple to the interior lines.
becomes impractical, especially when the termination is limit&itheir reference admittance is then the self-characteristic admit-
to nearest neighbor mutual impedances. For loose coupling, thece of line 1 or to ground as if they were isolated. We define
nonadjacent mutual admittance is negligible, though increasitigs reference admittandé = [Y5,]i1 + [Yuliz + [Yaulis-

lll. M ATCHING STRATEGIES
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Reactive cancellation is achieved if the normalized stub suscepWe may numerically optimizé (starting with initial guesses

tance is in terms of fractions of wavelength) for
; sm{[vae], ) o Re{ [Y5,(- = ~d)],, } =~ [rg] g (14)
=—7 J
Re{Y o
e{¥o} The reactance at = —d may be canceled with inductance or
where we have made the substitutiBn= —; X ; the reflection capacitance. A positive susceptance ¥df,(z = —d) implies
coefficient of the stub is thus inductive mismatch, which is cancelled with a capacitance de-
B termined bySm{Y,,..(—d)} = wC at the desired frequency
Cotup = _1-8 = |Typup|e?Pter. (10) w-. Otherwise, inductance determined 8yn{ Y ui(—d)} =
1+B (wC)~! cancels negative susceptance at —d and matches

Stub length should be chosen to yield a susceptance to grounH§f conductances. Matching via chip capacitance is restricted
—Sm{[Y< (—d)]1.}. This calculation should utilize the propa—by discrete values and limited by three-dimensional disconti-

gation velocity of the dominant modei.e., nuities; matching via trace inductance is restricted by the line
separatiors (though the width is variable), and frequency-de-
- T — Pstub (11) pendent field effects.
9. %m{ [Am] } Note again that (14) depends on the source impedance. As-
v suming that the distande —d (for reactance matching) is on the
OI%rder of one half-wavelength or less, our choic&@f ~ Y,
yields an output admittance that is approximately the character-
istic admittance&’; ,(z = —d) = Y,.

- d/ _lye (4 B(Y: 12 A “center tune” reactive cancellation to match
[ im(— )}11,33_[ (= )LIJF (¥o) (12) [Yio(#)]22, 33, .., (n—1)(n—1) iS found for some: = —d where

Now, the input admittance of lines 1 and 3 is modified to inclu
the denormalized stub susceptance

so that the stub’s reactance cancels the imaginary parts ofERe{[Y;ﬂ(/:«)]22 (ne1)( 1)} = [Ys],, (1) (m1)"

[YiCn(__d)]ll,nn-. . - . PR Ve 15)
Again, we reiterate that this unilateral match cannot prowqgJr the three-line case with high impedance from line 2 to

an exact rrlatch ur:|e§§6 = o+ Approximate matching is at- graynd, we will show that this results in superior matching

tained ifY's ~ Yy, If Y has zero-valued mutual elementgompared to simple interline reactive cancellation (14).

(e.g., independent Thevenin expltauons), but dllagonal eI.ement:?;ma"yy for next-neighbor matching where low-impedance

[4slii ~ [Z]i:, @ good approximate match still results in th@erminations “short” the high characteristic mutual admittance,

moderately coupled microstrip, where self admittances are Usgyctive air bridges or wire bonds may be necessary. We leave
ally an order of magnitude larger than the mutual admittanceg,s synthesis problem for future work.

Sm{Veerr(2) } > —%m{ [Y‘fn(z)]ij} (13) C. The Quarter-Wave Transformer for Coupled Lines

. . ) Sun [11] examined the multiline quarter-wave transformer
where the self-admittance of line 1 andlike the reference ad- with two uniformly coupled lines in homogenous media and
mittance, is deimed asthe su:n of the first 0: last row or Co'“”lﬂarived impedance/admittance transformations using the load
Ysetr(=d) = Vi (=1 + [Vip (=12 + Vin (=13 + -~ refiection coefficients and propagation constant matrices. A
For extremely “th coupling, Fhe mutugl admlttapces will bauc'zlrter-wavelength of coupled line with admittance ma¥fix
ml_JCh more significant, ar!d this approxmatlon will be WOIS&nd terminated by'1, is attached to th& , input section. The
Still, almost perfect practical stub matching resuilts for thegg, ¢ agmittance matrix looking into the quarter-wave section

simple mismatches. toward the load is equated ¥, and the solution obtained is

B. Matching Mutual Admittance With Interline Reactance Y. =Y ZY, (16)

Our strategy must be expanded to account for symmetg(l:m does not address multiple propagation constants; we will
mutual interline mismatches at the lodd®'{];; # —[¥gli)) bie propag '

. c : design using the dominant mode.
and mismatches of¥{, (2)]22, 33, ... (n—1)(n—1)- We will con- ; " . . -
sider only mutual nearest neighbor mismatches between IinelsI_Dractlcal feasibility of this transformer is clearly limited by

Perpendicular shunt stubs are clearly impractical for the insi@gnar geomet_ry. Eurthermore, 0pt|m|z_at|on will require expen-

lines. Parallel stubs implemented in coplanar waveguide [1 e_|terated circuit parameter extraction for the quarter-wave
are difficult to simulate and exceed our interest in simplicitys. ction. However, for certain cases, the fransformer may _match
A lumped reactive element would enable similar susceptanrcf‘aeason&.lblyWe!I and can be easily fabricated. An example is pre-
cancellation. Chip capacitors, microstrip gap capacitors, %?nted in Section IV.

variable-width trace inductance may be easily placed between
mutually mismatched lines at an optimal distarce —d such

that reactive cancellation occurs in one or more off-diagonal We now present results from numerical matching simulations

term [V (2)]s;. performed on a tightly coupled three-line microstrip structure

IV. NUMERICAL RESULTS
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(as in Fig. 1) with dimensions = 34.29 ym, h = 1.50 mm, TABLE |

s = 1.0 mm, andw = 2.6 mm and permittivitye, = 4.7. OPTIMIZED MATCHING NETWORK PARAMETERS
Electrical parameters were extracted using a quasi-static Mg,ition | z = —dgees | 2 = d P. Py | Py Py
ment-method?LGC tool [16]. Parameter& andG were con- ¢, mm) | mm) | PEX VS M Lo match | with match

sidered negligible given the relatively short lengths of line an

Outer line “Open” mismatch with stub match

high coupling planned for the experiment. MatrideandC for 122 (3 | 139 | 256mm | (D) | 746 | 5.42 | 734 | 7.2
the microstrip were designed for 30elements in the diagonal 237(1_5‘;) 269 | 120mm | (111) | 746 | 542 | 75 | 7.05
of matrix Z¢, to approximately match the reference impedance I — 11 1= :
The MTL analysis was numerically implemented in compute Quter fine "Short” mismateh with stub match
code and we optimized the matching parametets —d for 47N | 73 |105mm | (LL1) | 6.96 | 5.78 | 7.38 | 7.36
(8), (14), and (15) using a quasi-Newton scheme. 2 33.2(LN) | 333 |274mm | (1,1,1) | 6.96 | 5.78 | 7.56 | 7.45
For the outer line mismatch, two Simple cases are examine Mutual mismatch “short” with interline reactance match
The first considers lines 1 and 3 terminated at the leag 0) 4.0 814 | 0.90pF | (0,1,0) | 264 | 1.77 | 2.50 | 2.37
by an “Open” (4309) to ground (ZL]11,33 = 430 Q) In 7 28.0 51.88 | 0.88 pF | (0,1,0) | 2.65 | 1.84 | 2.49 | 2.33
the second case, lines 1 and 3 are terminated by a “sho8 320 35.60 | 0.15nH | (0,1,0) | 2.62 | 1.80 | 2.50 | 2.42
(20 Q) to ground (ZL]11,33 =20 Q) In both cases, line 2 Mutual mismatch “short” with interline center-tune match
is terminated with the inverse self-characteristic admittanci 2.0 6.1 | 1.19pF | (0,1,0) | 2.49 | 1.71 | 2.47 | 247
[Zi]2e = Re{[Zan]22} =~ 69 ©, and all remaining mutual 7 14.0 370 | 0.180H | (0,1,0) | 2.53 | 1.75 | 2.48 | 248
terminations are matched to the characteristic admittancg 18.0 192 | 121pF | (0,1,0) | 247 | 1.75 | 247 | 2.46
([ZL]ZJ = §Re{[‘z‘ih]ij }) While difficult to ?mplement praCti_ Amplifier mismatch termination with interline reactance match
cally, these simple mismatches are easily stub-corrected a; [ 50 [ 480 [ 0a4pF | (0,00) [ 259 156 | 253 | 136

demonstrate the validity of the matching network.
Matching parametergand! were optimized for a design fre- 3

Amplifier termination, interline center-tune match

. . . 6.0 55.6 | 0.21nH | (0,1,0) | 223 | 1.55 | 2.62 | 2.16
quency of 2.0 GHz in both cases. The T-junction was modele
. . . . 10.0 26.5 1.45 pF | (0,1,0) | 2.57 | 1.37 | 2.72 | 2.07
using three series inductors of 0.1 nH and a shunt capacitor 0 o1 Tomna Toao oo Tiso
0.2 pF; the open-circuited stub was modeled using an equiv - : 250H | (010) |2 30 | 266 | 2.09

lent end-effect approximation [17] For the given geometry, a Amplifier termination with quarter-wave transformer match
end-effect length was approximated as 0.57 mm, or a capa: |- | - [ - oo [es]resf24s] 20
tance of 2.3 pF.

T T T T T T T = T T

With the mismatch, matriX'{ had large magnitudes of self- gy , -
reflections on lines 1 and 3, while reflections into line 1 from % =), | Ty R
lines 2 and 3 were minimal; no forward waves on line 2 wer¢_ osp | o z=-DI] .
reflected (column 2 all zero). Given that line 2 is matched t& g ;e oy . e
ground and lines 1 and 3, this result is physically intuitive, ant o ~ -
a zero column is possible since conductor reflection-coefficier |~ TP

0 L ). [AALTN ho""... 1 1 1 L 1

matrices are generally asymmetric [2], even for symmetrictel % o5 1 15 2 25 3 a5 4 45 5
. . Frequency (GHz)
minations.
Initial guesses were chosen with the aid of a Smith chart usir~ e . . ‘ T e . , .
the wavelength of the dominant mode of the given excitatior g '
Table | shows a listing of the first two initial guesses, optimizec  *[. .. s :', : 4
i . Sl
distances, and computed stub lengths for both mismatch cass of : '  — {gii_ggn 4
Only one significant digit was retained due to etching resolutiol E: R [r(z=_D)]§§
of 0.005 in (0.127 mm). The absorbed and forward podgrs =1 \ ' )
andP; were calculated from the source excitations and sourc _,, . i i At . i ;
H 0 0.5 1 1.5 2 25 3 35 4 4.5 5
and load admittances [14] Frequency (GHz)
o * yrm . Fig. 3. Simulated mode reflection-coefficient variation over frequency
Pr. —vm(z) Ym(z) vm(z) . (172) for mode self-reflection term§l'™(z = —D)]i1, [T¥(z = —D)]so,
_ . m -1\" vm m -1 [Tm(z = —D)]ss. Stubs optimized for 2.0 GHz with open on termination
Pt = (2) ([1n + Fln(Z)] ) ch [1n + Fln(Z)] element§ZY1],, and[ZY]ss: d = 7.32 mm,I = 10.58 mm.

: Um(z) (17b)
intermode voltage reflections. Fig. 3 shows these simulated
where x denotes the complex conjugate transpose. For tkelf-mode reflections as functions of frequency. The phase
matched case, (17a) and (17b) are evaluated=at-d; for the response clearly indicates the difference in modal propagation
unmatched case, = 0. constants. Reflections clearly are minimized 2.0 GHz.

The “short” mismatch (with parametet = 7.3 mm) is The mutual matching strategy was applied to a mismatched
superior since itgl is one-half that of the “open” case. Calcuioad where nearest neighbors were “shorted” with Q6
lations using the simulated transformation matrix show th@tZ1]12 21,2332 = 26 ) from their characteristic admit-
the matching network significantly reduces the self-mode atahce-derived value of 2&%. Three solutions sets were found
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to increase the absorbed power in the three cases by an average L d . d
of 28%. Again, parameters and full power relations are shown
in Table I. The “center tune” match, however, increases the
absorbed power by an average of 30% and almost perfectly
matches this “short.” Three solutions using (15) were obtained.
Both interline reactance match criteria [see (14) and (15)] (
were also tested on a more sophisticated “amplifier” termina-
tion, for which [ZL]QQ ~ 20 ke, [ZL]127217 23,32 R 500 2, and
[ZL]13 31 =~ 10kS2. Such a termination could be encountered in
a transistor amplifier application. Match (14) actually increased
the mismatch. However, the “center tune” interline reactanegy. 4. Device-under-test, with input and output sections, reference planes,
increased absorbed power 12%—-25%, with better matching fof SMA connectors.
smallerd (see Table | for complete power relations and param-
eters).

ref. plane ' ref. plane T1>z
(port 1°) (port 2°)

; tuse Ty Ry Ly
Finally, the quarter-wave transformer strategy was tested on :use T,R;, Ly

a mismatch. The nonlinear equation (16) is generally difficult to :use Ty R 1’L 1
solve when information aboif,, is not knowna priori. How- :useT; Ry L,

ever, reciprocity guarantees symmetric matrices, and symmetry
about thex = 0 plane reduces the independent variables to

four since the matrix is symmetric across the opposite diagonal.
Thus, four nonlinear equations (quadratic with respect to each

variable independently) arise from (16). These may be easi
P y) ( ) y l!% 5. TRL standards used in measurement for the condétimarameter

so!ved usingvlath_ematicat For one S_immati‘_)n' eight total SO- measurements. The independhparameters are listed along with required
lutions were obtained, but four were immediately discarded dst@ndards for their respective measurements.

to nonphysical negative terms in the impedance matrix; the re-

maining three violated the dominance condition on the realizt these edges. The bend discontinuity suffered a simulated mis-
able admittance matrix [18]. One solution for an “amplifiermatch of no greater than 32; in fact, the worst discontinuity
type of termination wit{ 2122 ~ 2 k2 was obtained; line 2 measured via time-domain reflectometry (TDR) wag5Bom
was narrowed in several iterations and an average increase @bor solder connection. We then calculated the conductor and
19% absorbed power resulted. mode reflection-coefficient matrices from the measureck (6

In all cases, calculation of power absorption verified the e§) conductor and modg-parameter description of the coupled
fectiveness of the matching networks. In Table I, the fOfW&I'q:lnes, performed on an HP 84510C automatic network ana|yzer
traveling power; and power absorbed the load (assuming thHANA). Identical SMA connectors and solder joints were also
lines and matching networks are lossleSs)demonstrate the ysed for both the unknowns and calibration standards.
matching. Certain solution sets were repeated for various initialFor the modalS-parameters, we employed the multimode
guesses and, therefore, have been omitted. In nearly all cag@siticonductor transmission line (MMTRL) algorithm [19],
the matching solutions nearer to= 0 resulted in greater ab- which converts conductdf-parameter measurements to modal
sorbed power, as the effect of the mode delays decreased Wigasurements. This algorithm requires three necessary stan-
smaller coupling lengths. dards (thru, reflect, and line) with the same fan-in and fan-out

Each matching network solution was checked using Agilentsgctions as the unknown, using identical board material and
Advanced Design System. All powers were verified with undefhemical etching process. However, the conductor measure-
1% error; these resulted from termination value truncations apfénts required a renormalization algorithm [20] to combine

S, useT, R;HL,
S, useT; R L;
use T3 Ry L
:use Tz Ry Lj

substrate approximations. two-port measurements into the final ¢6 6) S-parameters.
Symmetry and reciprocity (as in Fig. 2) reduce the number of
V. CALIBRATION AND MEASUREMENTRESULTS independentS-parameters to 13. Furthermore,[if = 2d in

To demonstrate the validity of the matching strategies, seve!‘:ég' 2 (as in our case), only eight measurements are required,

three-coupled microstrip structures were constructed. We fadi S11, S12, 513, S14, S15, S16, S22, aNdSz;.

cated Fig. 2 for the stub-corrected “short” mismatch (solution 1: ::8 r tthe COE.dUtCtOS -p;]ar?metersl,, Wg tu Sed. a ?ybndStOV\I/_(_)r-tler |
d = 7.3mm,! = 10.5 mm) on Kepro FR-4 circuit boards usingt'°ration. First, a short-open-ioad-termination ( ) cal-

the dimensions given in Section IV. Tight physical coupling pdbration deembedded the test cables. To proceed with the

tween lines precluded adjacent connectors in Fig. 2. Thus, mgasurement, we needed eight distinct TRL calibrations to

coupled lines were accessed with fan-ins and fan-outs, as shdlfimbed the appropriate fan-in and fan-out sections individ-

in Fig. 4. Lines 1 and 3 were angled2@om thez-axis and con- Y3'Y- For example, to measur;; and 514, we calibrated

tinued 17.58 mm from the reference planes to the board edg@@ugh the microstrip—coax junction and the angled sections

SMA flange mount connectors (female 3.5-mm coaxial cable %tached to ports 1_and_4. We_ used fabricated _standal:dﬁl,
Qd L4, as shown in Fig. 5, in accordance with the common

microstrip tab adapter) were then soldered directly to the Iin%] ; . .
P pter) y thru-reflect-line (TRL) calibration [21]. Note that only the top
IWolfram Research Inc., Champaign, IL, 1991. line in the standar@’ was used; this was also the thru standard
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1 T T T T T T 1 T T T
L. | — simulated _ |
08 measured
0.6 o 4
[=) (=)
0.4 X .
0.2 4
0
05 1 1.5 2 25 3 35 4 45 5 35
Frequency (GHz)
180 180
T T T ' TR, T T T
120+ FRE R ¥ - < . . - ~
SO [ SCIE : 90
60F o . Jyor] e : =~ : 4
1 SO \
= ob ' B T = ol 3
N ] 2, N : B
-601- A simulated B - '“°ge; N
: ] B L - measured _go}-..-| = = mode D A Y
sk D e ) T e mode 3
N . ! -~ 1 . . R : .
180 i i i i S i i ; 180 ; i
05 1 1.5 2 25 3 35 4 45 5 1 1.5 2 25 3 35
Frequency (GHz) Frequency (GHz)

Fig. 6. Comparison of measured and simulated frequency variation for Iiﬁfg 7. Measured mode reflection-coefficient variation over frequency

self-reflection termdI'{]11, 55 at 2 = —21.1 mm with “short” mismatch 5 mode seli-reflection termfT(z = —D)|u1, [TP(z = —D)]os,
corrected by stubs. [Tom(z = —D)]ss. Stubs optimized for 2.0 GHz with open on termination

elementdZ¥),, and[Z7Y)s5: d = 7.32 mm,l = 10.58 mm.

used for the MMTRL, as we had no substitute angled-to-angled
line thru isolated from the other lines. The remainder of the MatricesY} andY?, were the only quantities not directly
independent measurements used various combinations fremasured. Instead we used their numerical approximations
the remainder of the eight standards, as listed in Fig. 5. Thygenerated usindRLGC and verified with other quasi-static
the total calibration involved four distinct TRL calibrationsmethods) from the synthesis simulations. Results were negli-
and established reference planes at coupled-line system ingjilily sensitive to this approximation.
labeled in Fig. 4. Clearly, the major source of error in this Good correlation between the simulated and measured
calibration procedure is its failure to account for couplingvi:n(z = —D) results is observed in Fig. 6. Reflection min-
between the lines in the fan-ins and fan-outs (no adjaceffization at 2.0 GHz demonstrates that reflected power can
lines). We expected this to be especially problematic clogg almost eliminated for the simple mismatch cases. The
to the reference planes and for high frequencies. The eigfi§turbance at 3.8 GHz in Fig. 6 represents one of the resonant
independentS-parameters obtained from these calibrationfequencies encountered for the MMTRL thru), which had
fully characterize the structure in Fig. 2. Though some @fdjacent feedlines for which we had no available substitute.
the calibrations yielded redundant measurements (.4), Measured phase followed the general trend, with deviation
these provided an understanding of the symmetry limitationgainly confined to dc and high-frequency regions. The major
which were tangible, but for our purposes, negligible. The TRissumptions concerned consistent solder connections, a consis-
coefficients for each calibration configuration were calculatadnt TRL standard substrate, and matched terminations.
in software and graphically examined to save time in repeating,:ina”y, the MMTRL measured mode reflection coefficients
measurements altered by bad connections, though connectigg%er (18). Results are shown in Fig. 7 and agree well with
were shown to be repeatable. More importantly, this procegg simulated values shown in Fig. 3. Only mode 3 suffered
revealed resonance frequencies in certain thru and line calibggm, significant error due to the sensitivity of this mode’s small
tion standard fixtures (one of which was the MMTRL thru)yefiections. These resulted from its field configuration, where a
wh|ch altered results at certain frequencies. concentration of field energy between the center and outer lines
'Using the complete conductor and mofigparameter ma- pegates the effects of the stubs. Extracted propagation constants
trices, referenced as per Fig. 4, we computed both & con- \yere compared to our simulated quasi-TEM values (generated
ductor and mode input reflection-coefficient matridgg and  from RLGC). Phase constants are shown in Fig. 8, and clearly
I}, seen by the source (= — D) for prescribed load termina- agree with the quasi-TEM values with acceptable error.
tionsI'; or I'y for the mismatched termination network corre- “several structures incorporating the interline reactance
sponding to the “short.” For both conductor and mode quanfsatching networks for mutual mismatches were also fabri-
ties, we have cated. Measurements are currently being conducted and will be
_1 presented in the future. The quarter-wave transformer should
Tin =[S + [Si2 - ([FL]_l - [3]22) -[Slo1 (18) be expected to yield similar, though less significant matching,
as observed in simulations (see Table I). For now, the main
whereS is the measured (& 6) S-parameter matrix anf§];; goal of validating one of the matching networks (tuning stubs)
are its (3x 3) submatrices. MatriA';, accounts for the load has been accomplished and the stub strategy would clearly be
mismatch at port 2(the load in Fig. 2) and is calculated fromapplicable to transistor amplifiers or coupled-line bus systems
4). with mismatched drivers on the outer lines.
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(3]

Fig. 8. Measured phase constants from the MMTRL algorithm compared with [4]

RLGC-simulated values at 2.0 GHz.

VI. CONCLUSIONS

(5]

We have introduced several new matching techniques for ge)
coupled-microstrip structures. Practical applications will cer-

tainly include more complicated mismatches and greater cour,

pling lengths for which our detailed matching methods may be
individually less effective. However, the main goal was vali- (8]

dation of the techniques, made possible through frequency-do-
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