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Integration of CPW Quadrature Couplers in
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Abstract—in this paper, the design, integration, and measure- technology can be found in [3]. Various types of high-per-
ment of quadrature couplers integrated in a multilayer thin-film  formance passives (spiral inductors, TaN resistors, BCB and
multichip-module technology are discussed. We have investigated Ta,O5 capacitors, etc.) can be integrated [3]-[5]. Integrating

four- and six-finger coplanar-waveguide (CPW) Lange couplers . . - :
and a coupler based on reentrant sections. Three methods for the the passives directly on the MCM substrate gives a size and

design of CPW Lange couplers are compared for the first time. The COSt reduction and increases the packaging density.

method of Paolino consistently results in the best performance. The A CPW-based technology is being used as this eliminates the
four-finger Lange coupler results in a —3.24-/—0.2-dB coupling need for backside wafer processing and wafer thinning, hereby
bandwidth from 10.8 to 14.9 GHz, with a return loss better than 55 reducing cost. Through-substrate vias are not required and

—18 dB and an isolation better than—20 dB. The six-finger Lange ., . . . . . . . .
coupler results in a—3.2+/—0.5-dB coupling bandwidth from 9.5 it is also highly compatible with flip-chip mounting of active

to 17 GHz, with a return loss and isolation better than—16 dB. devices or chips.

The coupler using reentrant sections results in a-3.44/—1.1-dB Recently, a full monolithic-microwave integrated-circuit
poupljng bandwidth from 6.9 to :!.8.8 GHz with a return loss and (MMIC)-type design library offering equivalent models and
isolation better than —21 dB. It is shown that CPW Lange cou- g ;15 |ayout features for integrated passive devices and discon-

plers are not sensitive to planarization effects, while for the design . . N
of couplers using reentrant sections, the effect should be taken into tinuities has been demonstrated for thin-film MCM-D, hereby

account. The Lange couplers have the additional advantage that allowing a co-design between the active devices and integrated
they are easier to design, have a lower insertion loss, and can bepassives [2], [4]. Besides lumped elements, distributed ele-

very well predicted using method-of-moments simulations. ments, such as 3-dB quadrature couplers, are also essential
Index Terms—Coplanar waveguide, integrated passives, Lange €lements that need to be integrated in microwave systems
coupler, quadrature coupler. as they are ideal components for use in balanced amplifiers,
mixers, and QPSK modulators. This will be discussed in this
paper.
|. INTRODUCTION

The realization of CPW-based quadrature couplers using two
HE trend toward high-volume low-cost RF and microwaveoupled lines is well known [6], [7], but a 3-dB realization gen-
applications requires that suitable packaging techniquesally requires very small spacings, which makes the circuit

need to be developed. They should offer a high degree of {frone to processing variations.

tegration to reduce size and weight, but also cost and powefThe Lange coupler, first proposed in [8], overcomes this

consumption. The multilayer thin-film multichip module techproblem by using four strips in the same metal layer. An alter-

nology (MCM-D) offers a very high reproducibility of very native layout was presented in [9], some design methods can be
small line dimensions and is, therefore, a promising technologyund in [10]-[12], and a six-finger version was presented in
for the low-cost integration of RF and microwave circuits [1]j13]. However, all the above papers deal with microstrip realiza-

[2]. tions. CPW-based Lange couplers have only recently received

The layer buildup of the used MCM-D technology ismore attention. In [14] and [15], the classical microstrip design
given in Fig. 1. It consists of a main Cu coplanar-waveprocedure is followed for the design of a CPW Lange coupler
guide (CPW) layer between two benzo-cyclobutene (BCBh a single and a multilayered substrate, respectively, while

layers €, = 2.7, tané = 5.0 x 10~*) on a glass substratein [16], an experimental approach is being used. However, a

(er = 6.2, tané = 9.0 x 10~*). More information on the comparison between different design methods and a discussion

on the dependency of the circuit on planarization effects has
not been given.
A coupler using reentrant sections can also be used to increase
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Ni/Au component layer

2 um Ti/Cu metal ) _ /SplmBCB

3 um Ti/Cuw/Ti metal ™ Ta,O, capacitor

1 wn top Al contact metal 200 .
1 wn bottom Al contact metal 1 subsptj:;te ass
TaN- resistor
Fig. 1. Layer buildup of IMEC's MCM-D technology.
TABLE | | C34
MEASURED VERSUSSIMULATED CHARACTERISTIC IMPEDANCE (Z..)

AND EFFECTIVE DIELECTRIC CONSTANT (£.¢r) FOR DIFFERENT CPW
GEOMETRIES ONMCM-D

C12 C13

| i
L 1 — .
width | slot | extracted sirnulated
C4; C2 Cl C3
pum | um | Zo | € | Zc | € ¢ ¢ ° ’

16 | 51 [114 | 2.85 ] 112 | 2.94
27 [ 45 ] 96 [290] 94 | 2.99
44 [ 37178 1293 77 [3.02
55 | 31 [ 70 [294] 69 | 3.03
66 | 26 | 63 [294] 62 | 3.02
77 120 | 56 | 293 ] 55 | 3.00 and the load’'s series inductance was subsequently removed

8 |16 ] 50 292 50 | 2.9 from the measurements using [20]. For this purpose, 4-6
on-wafer realizations were measured, depending upon the

and six-finger realizations) are investigated, and the resufigmmetry of the coupler. In this way, accurate measurements
are compared with measurements. A coupler using reentrBave been obtained.
sections is also designed and realized. Finally, all implementa-
tions are compared regarding insertion loss, sensitivity to BCB ll. FOUR-FINGER LANGE COUPLERS
planarization effects, and ease of design. A. Design Methods

In Section Il, the quasi-TEM program, used for the analysis
of the multiconductor multilayered geometries, is briefly ex-
plained and its accuracy is demonstrated. The method used
measure the quadrature couplers is also discussed. The desi
the four-finger CPW Lange couplers is discussed in Section |
while the design of the six-finger CPW Lange couplers is dis-  Ceyen = C1y + Cyy Q)
cussed in Section IV. Couplers based on reentrant sections are Coad =Clg + Cig+ 2(Chz + Cis + Cos+ Cay). (2

finally discussed in Section V. ] o ] ] ]

By repeating this with and without dielectrics, the character-
isticimpedance and effective dielectric constant of the even and
odd modes are obtained. For a 3-dB coupler, the dimensions are

The multiconductor multilayered structures are analyzgfbtermined to obtain the required impedanZgs,, = 120.7 2
using the quasi-TEM method explained in [15] and [19hnd 7, ., = 20.7 Q.
The main advantage is that the optimization of the couplers|n the method of Ou [10], the required dimensions of the
geometry can be done in a fast and efficient way. The accurggyr-strip coupler are derived from the even- and odd-mode
of the method has been verified by comparing the measured gjalameters of two coupled lines. Coupling between nonneigh-
simulated line parameters of several CPW lines in our MCM-Boring lines is neglected and the mutual coupling between all
technology (Table ). An excellent accuracy can be observediines is assumed identical. A two-line equivalent is derived, as-

The measurements of the couplers were performed usiighming that the following relation exists between the mutual

Cascade wafer probes (1@n pitch) and an HP8510 network coupling (,,,) and the capacitance-to-ground of the inr@,§
analyzer. The system was calibrated with line-reflect-matging outer (., lines

(LRM), using the LRM impedance standard substrate (ISS)
ground-signal—-ground (G—S—G) alumina substrate of Cascade Cin = Cox = (CexCin) [ (Coxc + Cin).- ®)
Microtech. The reference plane was set to;2B beyond the  In the method of Kajfezt al. [12], coupling between non-
physical beginning of the line by positioning with contacheighboring lines is neglected and the mutual coupling between
marks. all lines is assumed identical. The capacitance-to-ground in the
After the initial calibration, an accurate equivalent model adven mode is determined by evaluating an equivalent (single
the MCM-D contact pad is subtracted from the measuremestsip) transmission line, and the slot and width are given by
[5].
All couplers were terminated by on-wafer SDtermination
resistors and the effect of the nonideal termination resistance Wequivalent =4-Wrange + 3-STange (4)

Fig. 2. Schematic representation of the capacitances involved in the design of
a CPW Lange coupler.

In the method of Paolino [11], all capacitances in the four-
%lductor system (Fig. 2) are calculatés andC, are ne-
qﬁied, as these lines are of the same potential. The capaci-
finces in the even and odd mode are given by

Il. QUASI-TEM ANALYSIS AND MEASUREMENTMETHOD

Lange
Sequivalent = Sground
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] ' Q=1 '“"'/ * @ coupler designed using the method of Paolino.
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= pler is depicted in Fig. 6. Here, we see that the top BCB layer is
A - 2 not perfectly flat, which results in a reduced BCB thickness in
LWz Freq S0 GHz 10GHz  Freq 15 GHz the slots and on the strips.
G (b) Fortunately, the Lange coupler is not sensitive to BCB

Fig. 4. (a) Thru ¢) and coupled4) port. (b) Amplitude ) and phase4) Planarization effects: when the coupler is resimulated using

balar_1ce for the four-finger CPW Lange coupler designed using the method4,m-thick BCB layers, the predicted coupling (using the

Paolino. quasi-TEM program and the method of Paolino) increases by
0.05 dB, the matching impedance only varies slightly.

where S5 is the distance between the outer strip and the

rourn

ground plane in the four-conductor Lange coupféfaxn,e isthe D, Design Method Comparison
width of the strips, andr .qs. is the slot between the lines. The

. . : . nly the couplers designed using the method of Paolino and
mutual capacitance is derived from the odd-mode impedance o .
the method of Ou have been fabricated. The measured results are
a two-conductor system.

o @ 2,848 couplr amptude balance of 0.4 43).win ST T | Tuecoupl desralusti e nettod
slot (s) of 20 zm, the method of Ou results in a strip widti)( P

of 41.5,m and a slot-to-groundsg) of 157 xm. The method of lation are superior. This behavior has also_ been found for other
. . . . couplers, targeted at3.2- and—3-dB coupling.
Paolino results inv = 56 um, s, = 123 pm, while the method . .
. . . To make a comparison between the three design methods, we
of Kajfez et al. results inw = 47 um, s, = 109.5 um. The

length of the coupler is a quarter-wavelength at the design f?l\e/i-II now simulate (losses are neglected) the coupler, designed
quency (14 GHz), being 302am (the mean value of the eVen_using the method of Paolino, with the three design methods.

and odd-mode quarter-wavelength has been taken). Losses h?Tehe method of Pao!mo_predlcts an amplitude balanti. )
been neglected during calculations. of0.4dB W|_th a matching impedancigy,) of 50€2. The n_1ethod
A picture of a four-finger CPW Lange coupler is given inﬂe?huoggdé(:.?‘: ;eatlalz r_eg:itgf ang%,%; iz dSZZ’ W_h"f;ge
Fig. 3. Bridges have been added to all ports to suppress the ex- J -pred bal = m ’

I " ; : e to the higher concentration of the field, the losses in the odd
citation of the parasitic slot-line mode when the coupler is use ; . :
in a circuit mode are larger than the losses in the even mode. This results in

a decreasing amplitude balance (expected drap®® dB). As

the measurements indicate an amplitude balance of 0.2 dB, we

] ) conclude that the method of Paolino gives the best prediction of
The results for the coupler designed using the method @l performance of the coupler.

Paolino are given in Figs. 4 and 5. We have obtained in theThe same reasoning can be done for the coupler designed

10.8-14.9-GHz band a return loss better tha8 dB, an iso- sing the method of Ou. The method of Paolino predigls =

lation better than-20 dB, an amplitude balance below 0.2 dBy g5 gB with Z,,, = 55 2. The method of Ou predictd;,. =

and a phase balance of (96D.9). The center frequency g 4 B andZ,, = 50 © while the method of Kajfezt al.

is, therefore, slightly lower than predicted by the quasi-TEMyedictsA,,, = 1 dB andZ,, = 54 Q. Again, a drop of about

method. _ 0.2 dB in amplitude balance can be expected due to the different
The insertion loss of the coupler is low due to the Cu metghsses in the even and odd modes.

lizations and the low-loss dielectrics andH8.35dB 3 dB is We can conclude that the prediction of the couplers perfor-

B. Measurements

due to the power split). mance using the quasi-TEM program and the method of Paolino
o is very good and better than previously published results: an am-
C. BCB Planarization plitude balance of 0 dB was targeted in [15], while the measure-

The quasi-TEM program can easily account for a change riments indicate an amplitude balance of 0.8 dB with a return loss
BCB thickness. It is, however, not possible to incorporate thod —15 dB.
effect of BCB planarization, as all layers are assumed to be perWe can conclude that, for the same layout, the method of
fectly flat during analysis. The surface profile of the Lange coulraolino predicts a larger coupling than the method of Ou, which
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Fig. 6. Surface profile of a four-finger CPW Lange coupler. The top BCB layer is not perfectly flat due to the BCB planarization effect. Units aoenatersr
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. g b 18
Paolino Ou 2 @ % =
Frequency band | 10.8-14.9 GHz | 10.2 - 16.3 GHz 3 / \ g i A el
Return loss < 18dB <-15dB ol 3 P, \ =
Isolation <-20dB <-17dB =1 2 \ &
Amplitude balance | <0.15 dB <0.3dB & g % g
Phase balance 90.2 +/- 0.9 deg | 91.3 +/- 1.6 deg Z / s
7 ‘ T N
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= @ // Fig. 8. MoM simulations ) versus measurements for the four-finger CPW
a o A Lange coupler. (a) ThruX) and coupleds) port. (b) Amplitude A) and phase
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Fig. 7. MoM simulations ) versus measurementa) for the four-finger Fig. 9. Six-finger CPW Lange Coupler.
CPW Lange coupler. (a) Return loss. (b) Isolation.

) ) ) design frequency (14 GHz), i.e., 3068. The six-finger CPW
explains the d!fference between measured and simulated amEﬁhge coupler is shown in Fig. 9. Bridges have been added to
tude balance in [15]. all ports to suppress the excitation of the parasitic slot-line mode

E. Method-of-Moments (MoM) Results when the coupler is used in a circuit.

Using the quasi-TEM program, the dimensions of the coupl&r Measurements

can be determined in a fast and easy way. Itis, however, not postpe coupler, designed using the method of Paolino, has been
sible to account for the effect of the feeding lines and the strfgyricated and measured. We have obtained in the 9.5-17-GHz
switching in the middle of the coupled-line section. This hagang an amplitude balance below 0.5 dB, a return loss and iso-
been done using a two-and-one-half-dimensional (2.5—D) SiMtion better than-16 dB, and a phase balance of{@@°). The
ulator (HP-Momentum). The results are compared with Megssits are shown in Figs. 10 and 11. A good agreement between
surements in Figs. 7 and 8. As the circuit is not prone to BCBeasyrement and simulation has been obtained. The insertion
planarization and the losses in the even and odd modes are IQWs of the coupler is-3.3 dB (-3 dB is due to the power split).

an excellent correspondence between measured and simulateghe predicted performance is better than previous results: for
S-parameters has been obtained. The center frequency of {h¢ 5_4B target value, [16] achieved an amplitude balance of
coupler is also predicted with very high accuracy. 1.6 dB with a return loss of- 12 dB.

IV. SIX-FINGER REALIZATIONS B. BCB Planarization

A 3-dB coupler designed using the method of Paolino re- As with the four-finger Lange coupler, this coupler is also not
quires the dimensions = 23 um, s = 35 pm, ands, = sensitive to BCB planarization effects: when the coupler is res-
170 wm. The length of the coupler is a quarter-wavelength at tiulated using 42m-thick BCB layers, the predicted coupling
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C. Design Method Comparison
w
; : : 1 (=]
For the layout obtained using the method of Paolino, the 5 GHz Frequency 20 GHz

method of Ou predictsly,,; = —0.4 dB andZ,,, = 41 Q. This

means that, for the same layout, the method of Paolino predieis 14. Measured amplitude\) and phase balance-j of the coupler using

a tighter coupling than the method of Ou and a higher matchiffgntrant sections.

impedance. The measurements indicate a tighter coupling than

predicted by both methods. Therefore, the method of Paoliggupler), in the other realization (Fig. 13), this is done at the end

yields the best results. of the strips (less symmetry, but the coupled lines are not dis-
turbed in the coupling section). The measured performance of
D. MoM Results the two realizations is, however, nearly equal.

The performance of the coupler was also predicted with a '€ dimensions of the coupler age= 38 um, s = 40 nm,
2.5-D simulator (HP Momentum). The correspondence betwe@fdsy = 58 um. The floatlng_potenual patch s extendedi )
the measurements and simulation is presented in Fig. 12. As f¥ond the edge of the strips. The length of the coupler is a
coupler is not sensitive to BCB planarization and the lossesgHartier-wavelength at the design frequency (14 GHz), which
the even and odd modes are low, an excellent agreement [f!tS in a total coupling length of 3094n. Bridges were

been obtained. The center frequency of the coupler is also acgflded at the four ports to suppress the excitation of the para-
rately predicted. sitic slot-line mode when the coupler is used in a circuit.

A. Measurements

V. COUPLERSUSING REENTRANT SECTIONS The measured results are given in Figs. 14 and 15. We have

The strips of the coupler are located on the Cu metallizatioobtained, in a 6.9—18.8-GHz band, an amplitude balance lower
the floating potential patch is realized on the top metal levihan 1.1 dB, a return loss and isolation better th&@i dB, and
(Fig. 1). The location of the two strips was switched to get theephase balance of (924#4°).
guadrature outputs on the same side of the coupler. In one realfhe insertion loss of the coupler4s3.5 dB (-3 dB is due to
ization, this is done in the middle (leading to a more symmetribe power split).
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C. MoM Results

The effect of BCB planarization cannot be very well simu-
lated. The losses in the odd mode are quite large compared to
\’M the losses in the even mode. It is, therefore, difficult to accu-

\\ rately predict the performance of this coupler. When a uniform
thickness of the BCB layers of 4m is used, an amplitude bal-
ance of 0.8 dB is obtained.

It is useful to note that when the coupling length of this cou-
pler is reduced to 144jim while the lateral dimensions remain
the same, we obtain, in the 23-28.7-GHz band, an amplitude

Isolation (dB)

Thru & Couple (dB)

Return Loss (dB)

il 7
$ ol f:
N R

(=3
\iv 7 i i
5 GHz Frequency 20 GHz 5 GHz Frequency 20 GHz

-30

-10

@) (b) balance below 0.15 dB, a return loss better tha® dB, and
Fig. 15. (a) Measured isolatiom\) and return loss+). (b) Measured thru an isolation better thar21.5 dB [21]. The difference in cou-
(+) and coupled4) port of the coupler using reentrant sections. pling between the two versions can be completely attributed to

the loss in the odd mode, which increases with frequency.

VI. ARCHITECTURAL COMPARISON

The insertion loss of the Lange couplers is lower than the
couplers using reentrant sections. The six-finger Lange coupler
has the lowest insertion loss, but also consumes the largest area.
This coupler also has a very large ground-to-ground spacing,
such that its use at higher frequencies will be limited.

The CPW Lange couplers are not sensitive to BCB pla-
narization effects. The coupler using reentrant sections has an
increased sensitivity. The CPW Lange couplers are, therefore,
Fig. 16. Measured surface profile of the quadrature coupler using reentrft>1€" to des'g” and have an increased repeatability.
sections (units are in micrometers). Several design methods for CPW Lange couplers have been
evaluated. The method of Ou and Kajketzal. have the advan-
tage that only simulations of two coupled lines in a multilayered
substrate are required. For this, the techniques in [22] and [23]

The effect of BCB planarization should be accounted f&@n be used. The method of Paolino yields a coupler with a better
when designing this type of coupler. If a lossless performanBgrformance, though requires a program that is able to calcu-
and perfectly flat Sum-thick BCB layers are assumed, thd@te all capacitances in the multiconductor multilayered system.
quasi-TEM program predicts a coupling of 2.8 dB. Thd his technique has the additional advanta_lge_z that the strip widths
measurements indicate a much stronger coupling (amplitu@fe not have to be equal and can be optimized separately. The

balance of 1.1 dB). This can be mainly explained by the effe@gSt prediction of the Lange coupler's performance has been
of BCB planarization. obtained using 2.5-D simulators. A good way to design the cou-

In Fig. 16, we have depicted the measured surface profile @Frs is, therefore, to make an estimate of the couplers geometry

this coupler. Here, we notice that the assumption of the perfect§i"d the quasi-TEM program with the method of Paolino, fol-

flat BCB layer is not fulfilled. The top metal, for example, showoWed by a 2.5-D verification.

a dip of approximately L:m in the middle of the coupler. Thus,

in this small region, the patch is very near to the strips. The elec-

tric field is concentrated in the part where the distance between

the strip and patch is minimal. Due to BCB planarization, the The design and measurement of four- and six-finger CPW

area under the patch is almost completely reduced to the ak@age couplers into thin-film MCM-D has been discussed. Sev-

underneath the dip. This results in a highly confined field witaral design methods for CPW Lange couplers have been evalu-

increased conductor losses for the odd mode. ated for the first time. The method of Paolino consistently gives
If we assume BCB layers with a uniform thickness obetter results as compared to the method of Ou.

4 pm, the quasi-TEM program predicts an amplitude balanceFor the four-finger CPW Lange coupler, we have obtained, in

of 1.2 dB. Due to the increased losses caused by the B@i& 10.5-14.5-GHz band, a return loss better than 20 dB, an am-

planarization effect, the amplitude balance will drop slightlyplitude balance below 0.2 dB, and a phase balance 6#{87).

We can, therefore, conclude that this type of coupler is vefy good agreement between measurement and simulation has

sensitive to the exact BCB thickness. The sensitivity can been obtained. The Lange couplers are not sensitive to BCB

reduced by putting the floating potential plate on the bottoplanarization. A very accurate prediction of the couplers per-

metal. The dip in the middle of the coupler then disappeafsrmance can be obtained using the MoM.

resulting in a more uniform distance between the strips andFor the six-finger CPW Lange coupler, we have obtained in

floating potential plate. the 9.5-17-GHz band, an amplitude balance below 0.5 dB, a
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VII. CONCLUSIONS
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return loss and isolation better than 16 dB, and a phase balanpg]
of (90°£2°). This coupler has a large ground-to-ground spacing,
which makes it more sensitive toward the presence of a grouq%]
plane underneath the glass wafer and limits the high-frequency
performance.

Couplers using reentrant sections can also be integrated in&%)g]
MCM-D. In the 6.9-18.8-GHz band, an amplitude balance
lower than 1.1 dB, a return loss and isolation better thar?0l
—21 dB, and a phase balance of (92:4°) has been obtained.

The couplers performance can be fairly well predicted when the
BCB planarization effect is taken into account. This realizatiori21]
has a larger insertion loss as compared to the CPW Lange
coupler. The coupler has a smaller ground-to-ground spacing,
which makes it less sensitive toward the presence of a grour}g2
plane underneath the glass wafer. ]
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