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Simulation and Experiment of a Compact
Wide-band90° Differential Phase Shifter

Michal Sorn, Rafal Lech and Jerzy Mazur

Abstract—A compact wideband 90° differential phase shifter sections while in [6]-[8] the series or mixed connections
is developed by modifying ports termination in the Abbosh are applied. These configurations provide acceptable phase
phase shifter configuration. This novel phase shifter arrangement gpitier performance over a wide bandwidth greater thE¥s.
consists of a3 dB directional coupler with the coupled and . - . .
transmission ports terminated with reactive loads. The proper prgve_r, the |ns§rthn Ioss_es as well as thg size of their
reactance is found at the input of the coupled line section, in Circuits increase with increasing number of the interconnected
which the remaining ports are open circuited. Both coupled sections.
sections utilize a multilayer broadside coupling microstrip-slot- The other arrangements proposed in [1], [9], [10] used the
microstrip tight coupler. A theoretical model is presented t0 gitferent configurations of the reference circuits instead of

explain the performance of the proposed phase shifter and the t L i Th f ircuit i thesized
design procedure. Further, the phase shifter was designed and € transmission fines. € reierence circuit 1S synthesize

manufactured. Results of calculation and measurement show that Within a given frequency band in the way to obtain the
the developed circuit provides a90° differential phase shift with parallel of the phase characteristic of the main section. The
deviation less than=+4° across the3 to 7 GHz frequency band.  phase shifter reported in [9], [10] consists of both basic and

Index Terms—phase shifters, broadside coupling couplers, reference circuits using edge-coupled lines sections of different

band pass filters, ultra wideband technology. electric lengths and the same coupling coefficients. Such
arrangement provides narrowband performance, approximately
I. INTRODUCTION 60% frequency band, as compared to the cascaded structures.

IFFERENTIAL phase shifters are four-port passive mil he similar phase shifter structure previously was proposed in
D crowave devices providing, in the specified bandwidtl{ﬂ]’ where the reference edge coupled section was connected
a constant phase difference between the signals at their Ouﬂ'ﬁlﬁeries with the transmission line. The electric length of the
ports. Ideally, such devices should produce proper phd8&in coupled section is three times longer than the coupled
shift values, exhibit relatively small attenuation and operaf€ction applied in the reference circuit. The proper choice of
effectively over a wide frequency band. They are used, e coupling coefficients of the main and reference coupled
example, in wide-band phased array antennas and find §§ctions provides the acceptable phase shifter parameters over
plication in various microwave equipments and measureméhtvide frequency band, which is equal to abd00%.
systems. In principle, broadband phase shifters mainly use® compact phase shifter proposed in [11] used the tapered
coupled lines sections. Schiffman [1] was the first who appli€@upled lines section to obtain a broader operating frequency
such a section to design an octage° differential phase band. The reported results indicated a bandwidth higher than
shifter. This configuration included a reference transmissidf0%, Which was better than those obtained for previously
line and the two edge coupled striplines that were connecté&dported structures. However, the design of the phase shifters
together at one end. When this circuit is fabricated in mgOMPprising edge coupled sections is limited by maximum cou-
crostrip technology [2], [3], its operation deteriorates. Theling values of the edge coupled sections. The tight coupling
operation bandwidth decreases and deviation of the ph&§guirements requires a very narrow slot between the coupled
shift characteristic increases. These deteriorations are dudigs, which suggests difficulties in its fabrication in planar
unequal phase velocities of the even and odd modes in fﬁghn(_)logy. _ _
coupled microstrips. In recent years, one can find papers/© improve the performance of the previously designed
describing the design of modified phase shifter circuits witfanar phase shifter, the compensation technique was intro-
broader bandwidth, acceptable insertion losses and low phg&ged in [12]. It involves attaching a number of integrated
shift deviation. These requirements are met in the circuits gapacitors to the phase shifter structure. This technique allows
the phase shifters proposed in [1]-[11], which used differef improve only some properties of the circuit while others
arrangements of the edge coupled microstrip sections. In [1&Y deteriorate. The results indicate that the compensation

[4] the main circuit is designed as a cascade of the coupl&aProves the return loss performance while it increases the
insertion loss and has no effect on the bandwidth of the
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edge coupled structure. In [13], an elliptical shaped bs@i two ports are the input and output ports. Note, that the qunce
coupled structure was used to design a bandpass filter, whidhthis phase shifter is similar to that considered by Abbosh
has been applied as a main coupled section of the phase shifig13], where these ports of the coupler were open circuited
arrangement. The filter section is designed by open cimtuitelowever, this configuration provides small phase shifts and
coupled and transmitted ports of the broadside coupless Tliherefore, only th80° and45° phase shifters were reported in
approach allowed to design compact UWB phase shifters w[tt8]. The proposed modification of the Abbosh phase shifter
the phase difference no larger thagr. arrangement involving introduction of reactive loads alo
Two simple planar structures of the differential phas® obtain larger phase shift values. A design procedure is
shifters using basic high/low(H/L)-impedance transnoissi presented using a simple scattering matrix model to opémiz
line sections or coupled-line sections were presented ah@ proposed configuration of the designed phase shifter.
verified experimentally in [16]. The single H/L-impedanc&he phase shifter frequency dependent return and insertion
transmission-line section is useful to desi¢gs® up to 90° losses, frequency characteristics and frequency vamiatio
differential phase shifters. Coupled-line section phdséies the reactance load are calculated using this simple theaket
can reach wide bandwidth f&i0° — 180° differential phase model. Finally, the proposed new design was simulated by
shift with coupling coefficient level o6.5 — 9 dB. Loaded the full-wave electromagnetic software ADS Momentum and
transmission lines are easily realized in microwave irgtgg validated by the measurement.
circuit (MIC) and microwave monolithic integrated circuit The comparison between different types and configurations
(MMIC) technologies. of the phase shifters is presented in Table I. The planar
In [17], a simple configuration of the transmission lineonfigurations are better suited for MMIC technology while
loaded with an open circuit is proposed to desigida phase the configuration using broadside couplers are easilyzeali
shifter. The open circuit is designed as a T-shaped openAtulin multilayered PCB technology.
good performance was achieved with insertion losses smalle
than 0.6 dB and phase deviatior6.4° over the frequency Il. FORMULATIONS

band2.3=5.5 GHz. A 45% broadband phase shifter employing The four port backward directional coupler with two of the

a defect ground structure (DGS) under parallel stubs wast t ports terminated by loss| ¢ loads defined
proposed in [18]. In comparison to the phase shifter withogHtPut ports terminated by lossless reactance loads deije

. - o n ; oo
DGS, the structure has wider bandwidth and smaller sizes Trﬁef:ectlon Coeﬁ';:enf - T tls thévn Tcggma_\;c;::ally |r;_ Flgf;al.t
configuration operates over a frequency raége— 6.1 GHz etus assume the coupler to be ideal [23] with coupling facto

with insertion loss and phase deviation withe2 dB and ke. At the central frequency, its electrical lengthélg= 90°.

3.3°, respectively. Another example of loaded transmissi(;:nOr this couplgr,_ th_e matching Co.nd't'(ﬂb =VZ°Z° (Zo -
ort characteristic impedancgy - impedance of even wave,

line phase shifter was proposed in [19]. The configuraticp, =~ o
makes use of non-radiating longitudinal slots in the broad wo% -_|_mpedance_ of qu wave) and _equahzatmn of wave
velocitiesv® = v° is satisfied. As shown in Fig. 1, the coupled

of a substrate integrated waveguide (SIW) and allows tqgdesi .
2 90° phase shifte?r over a br(?ad ba(ndwi)dth forn GHz to port (3) and transmitted port (4) of the coupler are loaded
with T' and ports (1) and (2) are assumed to be the input

28 GHz. . . .
and output ports, respectively. Applying these assumption

With the rapid growth of MIC technology, the digital ) ! . .
switched phasg shigf]ters become more popul?a\)rl [20], [2:([:]]. T %the scattering matrix equations of the ideal coupler [14]

switched phase shifters, as a key component in microwais feflection(S1y = Sz;) and transmission( S = Si2)
digitally controlled modules and phased-array antennage h coefﬂments of the two port representing the phase shitsiso
been largely investigated in [20]. This configuration cetssof section are as follows:

a transmission-line branch and a bandpass filter branchh Wit 1— k2 (1 + sin? (9))

this topology a 4-bit phase shifter was constructed with the 5 2

use 0f22.5°, 45°, 90° and180° phase shifters. The measured (\/1 — k2 cos (0) + jsin (0))
performance showed the phase deviation less théh with j2ker/1 — k2 sin (6)

the return loss larger tham5 dB from 1.06 to 1.95 GHz. Si2=8n =T > . 2 @
In [21], a 45° dual-band phase shifter operating%at MHz (\/1 — k2 cos (0) + jsin (0))

and 1800 MHz was presented. The measured phase shift Wv?/ﬁeree is the electrical length of the coupled structure
46.1° + 2° from 841 MHz to 930 MHz and 44.9° + 2° 9 P ;

from 1743 MHz to 1924 MHz. The measured return loss was For the considered phase shifter, the differential phase sh

larger than14.5 dB and15 dB and the amplitude imbalancesIS found as a difference between the phase of the signals that

were smaller tha.33 dB and0.4 dB within the respective . transmitted through a basis coupled sedtion(S>1)) and
bandwidths. reference lind;, = (K0)

This paper presents a new configuration of a broadside tan (6) .
coupled 90° phase shifter consisting of two elliptical or A¢ = K0 — 2arctan ik +90° +arg(l')  (3)
rectangular shaped microstrip patches that are coupleddhr €
a slot in a common ground plane [14], [15]. The phase shifterIn (3) the electrical length is determined @&s- 5.l. where
is designed as a four-port coupler in which its two coupled arf. is the phase constant of the coupled structure anid
transmitted ports are terminated by reactive loads. Therotlits physical length. For investigated structure we assume t
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TABLE |

COMPARISON BETWEEN DIFFERENT TYPES AND CONFIGURATIONS OF BHPHASE SHIFTERS

type configuration phase shift A¢, reference
bandwidth BW,
insertion loss L(dB),
max. deviation +3°
Schiffman - single and multisection 1. Folded planar coupled line (CL) 45° —180°,3:1, < 1dB [1]-[3],
section\/4
2. Cascaded and stepped multisection| 90°, 180°, 5: 1, < 1.5dB [6]-[10],
of planar CL
3. Tappered planar CL 45°,5:1 [11]
Schiffman CL section 1. Folded planar CL with two opened | 90°, 180°, 2: 1 [12]
with opened and grounded stubs | and grounded\/4 stubs
2. Folded planar CL with grounded 180°,2:1 [22]
planar CL stub
Filters using transmission line (TL) 1. Broadside microstrip\/4 coupler 30°, 45°,5:1, < 1dB [13]
or coupled line (CL) section with two opened ports
2. Broadside microstrip\/4 coupler 90°,2:1, < 1.5dB this study
with two terminated ports by opened
CL sections
3. Planar open ended coupled microsttipl135°, 2 : 1, < 1dB [16]
/4 section of the bandpass filter and
high/low transmission line filter (TLF) | 45°,2:1, 1dB
Loaded transmission line 1. Planar topology using microstrip 90°,2:1, < 0.6dB [17]
line with T shaped open stub
2. Microstrip with parallel stubs using | 45°, 3:1, < 0.7dB
defected ground structure (DGS)
3. Substrate integrated waveguide with 90°, 1.5: 1 [19]
non-radiating slots cut in the broad wall
Digital switched phase shifters 1. Transmission line bandpass filter 4bit (22.5°, 45°, 90°, 180°), 2: 1 | [20]
with single-pole-double-throw (SPDT)
switches
2. Loaded transmission line with SPDT| 45°, dual bandwidth [21]
switches

r Vexp(id,)
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Fig. 1. Schematic representation of the proposed phasershif

o —Vexp(if,)

phase constai, = (8.+5,)/2. The normalization coefficient
K = (Brlr)/(B:l.), wherefSy, is the phase constant angd is
the length of the reference line. When the coupler and the
reference line are designed on the same substrate and the
phase constants, = (., the coefficientk = [;/l. and it
is independent of frequency.

Let us now introduce phase shift defined by equation (3) in
the form of a sum of two partial differential phase shifts:

Ap = Ag1 + A¢o 4)
where
Apy = K16 — 2arctan (%) +90°
Apy = Kb+ arg(T)

and K = K, + Ko.

The phase shif\¢, has the same form as reported in [13]
for the phase shifter where two ports of the coupler are open
circuited. When these ports are terminated by the reacia, |

the propagation coefficients of even (e) and odd (0) modt#e phase shiff\¢, is determined by the phase of the reflection
are similar in value and therefore, it is possible to writatth coefficientl’ = e7¢.
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Let us now consider the phase shifter configuration in whidangthsd;, 6,, andf, at the lower, upper and center frequencies
the main and the reference circuits are chosen as identiohthe operation band. Then we obtain from (1) the maximum
coupled sections. Two selected ports of the first section asturn loss bandwidth of the phase shifter as:
terminated with reflection coefficiefit; = ¢/¢* while in the 0, — 01 00—7% 46,
second section witl', = 7?2, From (2) and (3), the differ- BW, = uo— —H=2- — =
ential phase shift is then determined by the phase differenc 0
of the reflection coefficients (i.eA¢ = ¢ — ¢2). Using this o2 ccos T | +2k2 — 1
method, it is possible to design1&0° phase shifter with a T E2 (T +1)
phase difference that is independent of frequency. It @ccur

Wmn ng]ports n ((j)ne stgctlct)ﬁ are short cwc_w(@ - 1802 ) (7) the coupling factok, = 1/+/2. Considering transmission
while in the second section they are open circuiied ): characteristics reported in [13], we note that the minimum

The form of equation (4) properly defines the phase shift Qhlue of insertion losses is obtained when the value of the
the phase shifter consisting of cascaded two coupled s&ctio coupling coefficient is chosen from the range6 — 0.8).
According to (4) the phase shift of the cascade is give cording to (1) and (7), such values @ provide the

by the summation of partial phase shifts produced by ea gnitude of the return loss better tha@ dB over the
section of this arrangement. Among these configurations z?#' ndwidthBIV, (%) € (30, 120).
0

constructions of &0° phase shifters [4]. The disadvantage
the cascade phase shifter configuration is its greatertighgh
encountered in the other solutions. Therefore, the phaiiers h
configuration [13] modified by the change of termination o
the ports of coupled line section might be an alternativégahes

(@)

When the reflection coefficierit,, = 0, we obtain from

To determine the differential phase shift), the comparison
is made with a reference line, which phase is defined by scal-
ing its length coefficient<. From (3) and (6) it is formulated

of the 90° phase shifter. For this phase shifter, the variation Ap = K6—90°— 2arctan tan(6)
of the phase shift can be considered using (4) in the follgwin V1—k2
form:

cot(6)
= (Ado1 + 61(8)) + (Adoz + 02(6)) (5) +2arctan (TW) (8)

where,A¢q; for i = 1,2, is nominal value of the phase shiftThe value ofK is estimated from (8) at the center frequency
while §;(9) is a deviation function from its nominal valuesfor coupling lengthd, = 90° as:

The reduction of the deviation magnitude is possible when IAD

variations of both deviation functions are similar but ogipe® K = (—) 3 9)
in sign, so thav(0) ~ —J2(6).

In order to satisfy this condition, several reactive loads AS we can see from (9), fo90° phase shifter the value
providing proper characteristics of the phase shifter wefé K is equal to4. Using (8), the differential phase shift
considered. The best performance was obtained using ﬂ'ﬁ@racteristics are calculated for the phase shifter.el'sean
structure shown in Fig. 1. The reactance is calculated as &l symmetry of theA¢(¢) characteristics around the center
input impedance of a four port section of coupled lines witlgngth 6y. The value of the coupling factot; = kimin, for
three of its ports open circuited. The reflection coefficiant Which the phase shift is constant around #eis found from

the input port of this coupled section with electrical lemgt (8) by equating the first derivative ak¢ to zero atf

and coupling factok; , is found using (1) and (2) as: 1
2 kimin 1- N (10)
(\/1 — k?sin(0) —i—jcos(@)) (2 —/1- kg)
F = . =

kf sin(0) — 1 Assuming the value of the coupling factér of the main

_ cot(h) coupled section equal.74 and magnitude ofl’,,| = 0.1

= —exp | j2arctan STk ©) e (—20 dB), the maximum return loss bandwidtBTV.

1

calculated from (7) is equal t89%. Variation of the phase
Introducing (6) to (1) and (2), the scattering parameterthef shift with the electrical length is shown in Fig. 2 for different
main coupled section of the phase shifter are defined. Frsalues of coupling factok; taken from the range ok; €
(6) results thatk; affects only the phase of the load reflectiork;,,,, k.). The characteristic calculated féy,,;,, shows the
coefficient, which has a magnitude df Then, the phase maximum flat and minimum magnitude of the phase deviation
shifter insertion loss and return loss characteristic§indd around the center lengthy. Considering the whole range of
by absolute value of the scattering parametgyrs and Si2, 6 € (0°,180°), the smallest phase deviation is obtained for
are independent of;. In this case, the insertion and returrk; = k.. In this case, we can see in Fig. 2 that the two
losses characteristics are the same as given for the phdseiation amplitudes$; and d, (depicted on characteristics)
shifter presented in [13]. It is worth noticing that theirgsle have the same values. Their values are different, vihea k..
characteristics are different. Referring to Fig. 2, it is possible to choose the valuekpf
Now assume at the input of the phase shifter the toleratétht has an acceptable deviatiép,.. over the phase shift
value of the reflection coefficiett,, and denote the electrical bandwidth formulated by uppet;, and lower6,, electrical
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Fig. 2. Calculated phase shift characteristics of the peh#ter for different
values of the coupling coefficients;. The coupling factok. = 0.74

lengths asBWs = (64, — 04,)/00. To illustrate this effect,
we show in Fig. 3 the characteristics &f and é, calculated
versus coupling coefficierk;. We observe that fok; < kjpnin
the value of deviatiod; vanishes while the value of deviation
02 increases with decreasirkg. Note, that the value of; has

a great influence on the phase bandwiBflvs whenk; < k..
The situation is different fok; > k. where we observe that
01 > d2. In this case the phase bandwidBs is limited by
value of é;, which increases wheh; tends tol. The rapid
decrease ofBWs is observed in such case. From the abou
considerations, it is seen that the wide band of the phafiershi
with acceptable deviation is achieved when the valueg; of
are chosen from the randé;.in, k).

30

—

a5t = = =% |

20 S~

15} N

3(°)

101

H H H H H i - i
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k k Kk’

| Imin c
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Fig. 3. Numerically estimated phase shift deviations deplidn Fig. 2 as
61 andd2 versus coupling coefficiert;. The coupling factok. = 0.74

Variation of the phase shifh® with k; for different values
of coupling k. is shown in Fig. 4. Referring to Fig. 4,
it is noted that the90° phase shifter with+2° deviation

. YY, 202z 5

Aq(°)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 4. Variation of the phase shift characteristics in cefgmce on coupling
coefficientk; for different values of coupling factor

180

BW(%)

40 60 80 100 120
24(°)

Fig. 5. Numerically estimated phase shift barigld’s and return loss bands
BW,. versus the nominal phase shift¢ for different values of coupling
factor k.. The coupling factork; = 0.7

can be found when the value of coupliig = 0.74 and

ki = 0.7. The estimated magnitude of return loss using (1)
is better thar20 dB. According to the results shown in Fig. 4,
there is an direct relation between phase shift and k;
while inverse dependence is observed betwédn and k..
However, by choosing. < 0.74, the phase shifter return loss
decreases. Fig. 5 shows the phase bandwidth estimated for
different values of the phase shift. It can be seen that tloe wi
bandwidth of the phase is achieved abdd®% and below
150% when the phase shift is changed fr@®° to 80°. For

the designed0° phase shifter, the phase bandwidth is equal to
90% but it is limited to the return loss frequency band equal to
80%. Figs. 6 and 7 shows the dependence of the phase shifter
performance on the phase deviation. It is seen from Fig. 6 tha
there is a maximum of the phase band, which grows with the
increasing of the deviation and it moves toward larger \&lue
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of the phase shift. As it is apparent from Fig. 7, it is possibkhifter considered in the previous section, the main and loa
to design90° + 2° phase shifter for the value of couplingcoupling sections are designed to ensure coupling factprale
coefficientk; = 0.7. According to the results shown in Fig. 6,k. = 0.74 and k; = 0.7 defined at the center frequency. For
the operation frequency band of the phase shifter is limtibed these parameters we can see from Figs. 5 and 6, that the
80% band by the return loss assumed here to be better2hanreturn loss of the phase shifter can be better @B with

dB. Note that for both coupling sections, the values of theirandwidth80%. For the chosen central frequency the phase
coupled factors decrease at the upper and lower frequendkster should operate across the frequency bands GHz.

of the operation band. Referring to Figs. 2 and 3, this effect

will increase the phase deviation at those frequencies. slot

K \ I

220 : ‘ — ; ‘ '\ _/V —

ot m— 5=0.5°
200 St B —
oo == =05=2°
180} e . /
@ : microstrip
i 1 @

160

mm
4.4 mm

6.7 mm

(b)

40 60 80 100 120

Fig. 6. Numerically estimated phase shift barigle/s and return loss band
BW,. versus the phase shifi¢ for different values of the phase deviation

140
130
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(©
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8

Fig. 8. Configuration of the propose@D° phase shifter (a) schematic
representation, (b) computed dimensions of the designadepshifter circuit,
(c) photograph of the manufactured phase shifter

[e}
o
T

60f
The configuration of the phase shifter mentioned above is

schematically shown in Fig. 8 together with the photograph

‘ ‘ ‘ ‘ ‘ ‘ ‘ of the manufactured prototype. The coupling sections of the

01 02 03 04 05 06 07 08 proposed phase shifter utilize the elliptical [14] and aacfular

! [4] microstrip patches etched at the top and bottom layer

and coupled through a slot. The shape of the slot is the

same as microstrip patch and it is cut in the ground plane

located at the mid of the structure. The configuration of the

considered phase shifter were optimized and its charatitayi

were simulated using ADS Momentum. The designed phase
IIl. PHASE SHIFTER DESIGN AND RESULT DISCUSSIONS  ghjifter was manufactured using Taconic RF35 material with
To prove the validity of the proposed method, the phagarameterss, = 3.51, tané = 0.0018, dielectric thick-

shifter was designed using UWB integrated microstrip broadess 0.505mm and metallization thicknes8.017mm. The

side coupled sections reported in [14] and [15]. The elestri layers of the structure were joined with the use of glue

length of both main and load coupled sections is ed@dl with permittivity similar to the permittivity of the dieledc.

at the center frequency GHz. Concerningd0° + 2° phase The measurements of the manufactured phase shifter were

50

40

30
0

Fig. 7. Variation of the phase shift characteristics verthes coupling
coefficientk; for different values of the phase deviation
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performed using vector network analyzer Wiltron 37269AeTh
simulated and measured results are presented in Figs. 9-
Note, that the theoretically predicted overall performeiné

the considered phase shifter are confirmed by the resulteof
measurements. However, we can notice a small discrepal

100

T T
simulation Aq)lz:A(pz1

98 =~y - = =measurement A,

2 (PPTRP measurement Aq)zl

96

94

92

Aq(°)

90

881

86

84

82 i i i i i
2
Frequency (GHz)

Fig. 9. Measured and simulated phase shift characterifgicthe manufac-

IS; (dB)

[}

simulation S,,7S,,

measurement 812

measurement 821

3 4

5

Frequency (GHz)

N

tured phase shifter a v
= -25 \
v i
-30 l|,
1
\
between the measured and simulated results. Both of th R PR
show the operation of the phase shifter across3thes GHz ~a0} simulation 5111;,522 ]
. . . . = = = Measuremen
band with the average differential phase shift equgl. The _ast measzremem S
effect of the nonconstant value of coupling factors on pha 5 ‘ ‘ ‘ ‘ 2z
deviation is observed in Fig. 9. The measured and simulat 2 3 . fGH) 6 7
. B . - n . requenc! Z
phase shift characteristics are similar, but the frequesinifg ey
about 0.2 GHz between them is observed. It is seen that (b)

the measu.red phase deviation is maXimu.m around the Ce'rl‘itis.r 10. Measured and simulated characteristic of the tieseand return
frequency in thel.5 — 6.5 GHz band, and it is better thah3° losses for the manufacturei)® phase shifter

obtained from simulation. Both simulated and measuredgphas

deviation increase te-4° at the lower and upper frequencies

of the operation band.
P IV. CONCLUSION

Measured and simulated results of the insertion and return
losses are presented in Fig. 10. Note that the simulatedThe compact90° phase shifter with wide band operation
insertion losses are better th&b dB across the3 — 5.5 have been presented. The proposed configuration uses broad-
GHz band, but around GHz their values increase up toside coupling between two microstrip patches through tbe sl
0.8 dB a shown in Fig. 10a. The measured insertion losskxated in the common ground plane. The phase shifter prop-
are greater than simulated values by approximafelydB. erties are obtained by termination of two output ports of the
This additional loss can be caused by the influence of tkeupled section with reactive load. The proper load, priogd
connectors, which are neglected in simulations and also Wwde band operation of the phase shifter, was obtained as
imperfection in fabrication of the phase shifter. Therelsa an impedance appearing at the input port of the directional
the differences observed in Fig. 10b between the return Ide®adside coupler where the other ports are open circuited.
characteristics predicted by simulation and measured. Thiis configuration performance was analyzed using simple
average measured return loss2ié dB, and it is the same scattering matrix model of both coupled sections. The stmpl
value as assumed for phase shifter design. As seen from fiblenulas have been proposed and used to desigf phase
figure, the return losses are better tHardB in the considered shifter. The designed phase shifter structure was optufrapel
3 — 6 GHz band. Summarizing, the obtained measured asiinulated using ADS Momentum software. Despite the slight
simulated results well confirm the feasibility of the propds discrepancies between simulated and measured results, the
wide band90° phase shifter which complement the family obbtained characteristics well confirm operation princpdad
the phase shifters reported in [13]. design methodology of the proposed phase shifter. Moreover


http://mostwiedzy.pl

A\ MOST

IEEE TRANSACTION ON MICROWAVE THEORY AND TECHNIQUES, VOL. X, NO. YY, 20ZZ

this configuration extends the class of the phase shiftev~

proposed in [13]. Their broadside coupled configuration
preferable for implementation in multilayer integratectuits.
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