
with the BPFs designed using the same design method in [5,6],

the triband BPF here has several competitive advantages, such

as greater design flexibility, higher selectivity and wider upper

stopband.

3. FABRICATION AND MEASUREMENT

To verify the analyses presented above, the proposed triband

BPF is fabricated. The measured and simulated results shown in

Figure 6 agree well with each other, and the discrepancies are

mainly due to the fabrication process and implementation. In the

measurements, the three passbands are centered at 1.53, 3.42,

and 5.31 GHz having 3 dB FBWs of 5.9, 5.8, and 4%, respec-

tively. The minimal insertion losses at each passband are 2.6,

2.3, and 5.3 dB, respectively. The upper stopband rejection is

better than 20 dB to more than 9.2 GHz (more than six times of

the measured fundamental frequency).

4. CONCLUSION

In this letter, a novel triband BPF is proposed by incorporating

two RF passages with the same feeding structure. There proved

to be no cross-coupling among the two passages, and the three

passbands can be designed independently with great flexibility.

There are two transmission zeros beside each passband, which

help to achieve high passband selectivity. At last, the feeding

structure is improved by embedding two open-circuited stubs

into the microstrip feed lines to eliminate the harmonic passband

while the dimensions of the other structures remain the same.

Compared with the filters using the same design method pro-

posed before, the filter here exhibits several competitive advan-

tages, such as greater design flexibility, higher selectivity and

wider upper stopband.
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ABSTRACT: This article presents a design of wideband balun with high
isolation using a branch-line structure. Theoretical analysis of the proposed
balun shows that the reflection coefficient characteristics with two transmis-

sion poles can be obtained by controlling the characteristic impedances of
transmission lines (Zt, Z1, and Z2). The high isolation can be obtained by add-
ing a shunt coupled-line short stub and resistor (R) between the output ports.

The proposed balun was designed at the center frequency (f0) of 2.6 GHz for
a current-mode class-S amplifier application. The measured results were in

good agreement with the simulations, showing that power division ratios
were 3.09 dB and 3.14 dB, whereas the return loss was 21.39 dB at the f0 and
higher than 20 dB over a bandwidth of 0.98 GHz (1.98–2.96 GHz). The isola-

tion between output ports was higher than 18 dB for the bandwidth of 0.75
GHz (2.21–2.96 GHz). The measured phase difference between the output

ports was 180� 6 9� over a frequency range of 2.2–2.98 GHz. VC 2015 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 57:1228–1234, 2015; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.29065

Key words: branch-line balun; coupled line; isolation circuit; wideband

1. INTRODUCTION

A balun is a three-ports circuit that is widely used in RF circuits

design, such as push-pull amplifiers [1], balanced mixers [2],

Figure 6 The proposed triband BPF. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com]
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and antennas [3]. In recent years, wideband baluns have been

required in modern communication systems to enable high data

rates and efficiency. To meet these requirements, significant

efforts have been applied to designing wideband baluns using

various configurations [4–17]. A three-layer wideband Marchand

balun was presented in [4] using slot-coupled microstrip lines.

However, this work did not consider isolation characteristics

between the output ports. This is a critical design issue in the

case of high-power amplifier designs, such as push-pull and

current-mode class-D/S amplifiers. Moreover, the balun isolation

characteristic between output ports is required to obtain a good

return loss characteristics at these ports as well as to maintain

RF system stability [7]. The Marchand baluns with high-

isolation characteristics were introduced in [5–7] by adding

resistors. However, these works were considered only at the cen-

ter frequency (f0), which can provide a narrow bandwidth char-

acteristic. Similarly, defected ground structure coupled-line

baluns were proposed in [8,9]. Although a wideband characteris-

tic can be obtained with these structures, the isolation character-

istic was not considered. In [10], a coplanar waveguide

Wilkinson balun with a high-isolation characteristic was pre-

sented. However, airbridges with crossed connections are

required to obtain a phase difference between output ports,

which is a seemingly complicated implementation and fabrica-

tion process. Recently, three-ports baluns composed of symmet-

rical four-ports branch-line structures by a terminating, open/

short-circuited single port were reported in [11–16]. In [12], a

branch-line balun with stubs on vertical branches, which can

eliminate unwanted even-mode capacitance and reduce overall

circuit size, was presented. However, the circuit performances

have relatively narrow bandwidths. Similarly, branch-line baluns

with enhanced bandwidth were described in [13,14] by attaching

a short-circuited quarter-wavelength stub to the output ports.

However, these works did not consider the isolation characteris-

tic between output ports.

In this article, a design of branch-line balun including analyti-

cal equations is presented. The proposed balun provides two trans-

mission poles in a passband by choosing different characteristic

impedances of a horizontal line (Zt) and vertical lines (Z1 and Z2).

By adding a resistor and a shunt-coupled line to the vertical line

(Z2), the proposed balun can match all three-ports and provide a

good isolation between output ports on the wideband. For experi-

mental verification of the proposed structure, a microstrip balun is

designed, simulated, and fabricated at the f0 of 2.6 GHz.

2. ANALYSIS

Figure 1(a) shows the structure of the proposed high-isolation

wideband branch-line balun. The proposed circuit consists of a

pair of horizontal quarter-wavelength (k/4) transmission lines

(TLs) with characteristic impedance Zt and a pair of vertical

half wavelength (k/2) TLs with characteristic impedances Z1 and

Z2. For the high isolation, a shunt coupled line and a resistor R
were connected at the center of Z2 as shown in Figure 1(a). The

proposed structure is composed of symmetrical four-ports net-

work in which one of the ports is terminated as an open-circuit.

To obtain a fully symmetrical network, two parallel coupled

lines are used and the open-circuited terminal is replaced by

source impedance, as shown in Figure 1(b). Whereas two paral-

lel coupled lines can be transformed into a single coupled line

as shown in Figure 1(a). The even- and odd-mode excitations

are applied for design equations. The equivalent circuits for

even- and odd-modes are shown in Figures 2(a) and 2(b). Under

the even-mode excitation, the symmetrical plane of AA’ can be

considered as a perfect magnetic wall (open-circuited).

Therefore, the k/2 TLs are split in half along AA’ with the open

circuit, as shown in Figure 2(b). The open stubs with the k/4

TLs transform open-circuited impedance to short-circuited

impedance (Zeven 5 0) at the junction points 1�; moreover, they

can provide the transmission coefficient as zero (Teven 5 0) at f
5 f0 as the balun condition (1a). To operate the proposed circuit

as the balun, another required condition [11–17] is given as

(1b).

Teven50 (1a)

Zeven1Zodd52Zs (1b)

where Teven, Zeven, Zodd, ZS, and ZL are the transmission coeffi-

cient, even- and odd-mode input impedances, source impedance,

and load impedance, respectively. As shown in (1a), the balun

must prevent a signal transmission during the even-mode excita-

tion to achieve perfect amplitude and out-of-phase balances. In

addition, (1b) shows that the sum of even- and odd-mode input

impedances must be twice the source impedance to achieve per-

fect matching at the balun input port. Under the even-mode

excitation, the k/2 TLs are split in half along AA0 as the open-

circuited line with characteristic impedances Z1 and Z2, as

shown in Figure 2(b). Under this excitation, (1b) reduces to (2)

because of Zeven50.

Figure 1 Structure of high-isolation wideband baluns and equivalent circuits: (a) proposed high-isolation wideband branch-line balun using a shunt-

coupled line and (b) symmetrical four-ports network for even- and odd-mode analysis
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Zodd52Zs (2)

At f0, the even-mode equivalent circuit shown in Figure 2(b)

provides no signal transmission between the input and output

ports due to k/4 shunt open stubs. However, a finite level of the

even-mode signal transmission exists when electrical lengths of

Z1 and Z2 are not k/4 in the case of f 6¼ f0, causing amplitude

and phase imbalances. In odd-mode excitation, the odd-mode

equivalent circuit must transform ZL to the required Zodd to

maintain a balun operation. Therefore, from Figure 2(a), the

odd-mode reflection coefficient (S11odd) and transmission coeffi-

cient (S21odd) are given by (3).

S11odd5
AoddZL1Bodd2CoddrZ2

L2DoddrZL

AoddZL1Bodd1CoddrZ2
L1DoddrZL

(3a)

S21odd5
2ZL

ffiffi
r
p

AoddZL1Bodd1CoddrZ2
L1DoddrZL

(3b)

where

Aodd5 cosh 11
Zt

Z2

� �
(4a)

Bodd5jZtsinh (4b)

Codd5j
sinh
Zt

2
cosh

Z2tanh
2

Ztsinh
Z1Z2tan2h

2
cosh

Z1tanh

� �
(4c)

Dodd5cosh 11
Zt

Z1

� �
(4d)

r5
ZS

ZL
(4e)

h5
p
2

f

f0

(4f)

At f 5 f0, S11odd and S21odd of the odd-mode equivalent circuit

can be reduced to (5).

S11oddjf 5f0
5

Z2
t 2rZ2

L

Z2
t 1rZ2

L

(5a)

S21oddjf 5f0
56j

2ZLZt

ffiffi
r
p

Z2
t 1rZ2

L

(5b)

As shown by (5a), S11odd only depends on Zt for the speci-

fied r, which is an impedance transforming ratio between ZL

and ZS. Figure 3 shows the S11odd characteristic at f0 for differ-

ent values of Zt in the case of ZL 5 Z0 5 50 X. From this fig-

ure, it is observed that there are three different regions [18]

depending on Zt, which can be described by (6).

Zt < ZL

ffiffi
r
p

: under-matched (6a)

Zt5ZL

ffiffi
r
p

: perfectly matched (6b)

Zt > ZL

ffiffi
r
p

: over-matched (6c)

Therefore, Zt for the specified S11odd is expressed in (7) for an

under-matched region.

Zt5ZL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r 12S11oddjf 5f0

� �
11S11oddjf 5f0

vuut
(7)

Similarly, for an over-matched region, Zt is found as (8).

Zt5ZL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r 11S11oddjf 5f0

� �
12S11oddjf 5f0

vuut
(8)

In a perfectly matched region, S11odd becomes zero, such that Zt

can be found by (9).

Zt5ZL

ffiffi
r
p

(9)

After finding the value of Zt at f0, the relation between Z2 and

Z1 is found as (10), which can provide two poles in the

passband.

Z25
ZtZ1

rZt1rZ12Z1

(10)

Figures 4(a) and 4(b) show the S11odd and S21odd characteris-

tics of the odd-mode equivalent circuit for S11odd 5 220 dB

and S11odd 5 230 dB at normalized frequency. The calculated

characteristic impedances for S11odd 5 220 dB are shown in

Table 1. For S11odd 5 230 dB at f0, the characteristic impedan-

ces of TL Zt are 72.98 X and 68.51 X for the over- and under-

matched regions, respectively. In addition, the characteristic

impedances of Z2 are calculated as 21.26 X and 20.86 X for

over- and under-matched regions, respectively, by choosing the

Figure 3 Input return loss characteristics at center frequency accord-

ing to Zt with ZL 5 50 X and r 5 2. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]

Figure 2 Equivalent circuit of proposed structure: (a) odd-mode cir-

cuit and (b) even-mode circuit
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same Z1 5 60 X. As shown in Figures 4(a) and 4(b), two trans-

mission poles are obtained only in the under-matched region.

However, only one pole exists in the perfect and over-matched

regions. Therefore, the under-matched region is preferable

because two transmission poles can provide sharp and wideband

return loss characteristics.

The normalized frequency locations of transmission poles in

the under-matched region can be derived from (3a) which can

be described by (11).

fp1;p2=f0517 12
2

p
tan21

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rZ2

LZt Z11Zt1Z2ð Þ
Z1Z2 rZ2

L2Z2
t

� �
s" #

(11)

Using the values of Zt and Z2 for the under-matched region,

the normalized transmission pole frequencies are calculated as

fp1/f0 5 0.902 and fp2/f0 5 1.098 for S11odd 5 220 dB, and fp1/

f0 5 0.94 and fp2/f0 5 1.055 for S11odd 5 230 dB.

Figure 5 presents a design graph of the under-matched region

to illustrate the relation among return loss, fractional bandwidth

(FBW), Z2, and Zt in the case of the specific Z1 5 60 X. As

shown in the figure, as the return loss decreases, the bandwidth

of the balun increases.

Under the even-mode excitation, the symmetrical plane of

AA’ considered as open-circuited and resistor R is divided to

half. Therefore, equivalent circuit of this mode is shown in

Figiure 2(b). The output reflection coefficient (S22iso) of the cir-

cuit is derived as in (12).

S22iso5
2AisoR1Biso22CisoRZL2DisoZL

2AisoR1Biso12CisoRZL1DisoZL
(12)

where

Aiso5cosh 11
2NeZ2sin2h

M2
e 2N2

e cos2h
� �" #

(13a)

Biso5jZ2sinh (13b)

Ciso5
cosh
Zint

11
2Z2Nesin2

M2
e2N2

e cos2h

� �
1jsinh

1

Z2

2
2Necos2hsinh
M2

e 2N2
e cos2h

� �
(13c)

Diso5cosh1j
Z2sinh

Zint

(13d)

Zint5Zt
Zinp1jZttanh
Zt1jZinptanh

(13e)

Zinp5
2jZ1Zscoth
Zs2jZ1coth

(13f)

Me5Z0ee2Z0o (13g)

Ne5Z0ee1Z0o (13h)

Z0ee and Z0o are the even- and odd-mode impedances of

even-mode equivalent circuit, respectively. At f 5 f0, S22iso of

the even-mode equivalent circuit is reduced to (14).

S22isojf 5f0
5

Z2
222RZL

Z2
212RZL

(14)

TABLE 1 Calculated Values of the Designed Balun with
Isolation Characteristics for all Matched Regions

Z1560 X, ZL550 1, r52, Z0o 5Z0oe535 X S11 odd5S22 iso5 220 dB

Mat. Con. Zt(X) Z2(X) ZOe(X) R(X)

Under-mat. 63.96 20.42 50.89 5.09

Over-mat. 78.17 21.68 49.52 3.84

Perf.-mat. 70.71 21.06 50.23 4.43

Figure 5 Relation between S11 and fractional bandwidth for specified

value of Z1. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]

Figure 4 Reflection and transmission characteristics with different

matched regions: (a) for S11odd 5 220 dB, and (b) S11odd5 230 dB.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 6 Output return loss characteristics at center frequency accord-

ing to R. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com]
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As shown by (14), S22iso depends on resistor R and Z2, where

Z2 is already calculated from (10). Figure 6 shows the S22iso

characteristics at f 5 f0 according to R. From this figure, it

shows that there are three different regions depending on R,

which can be described by (15).

R >
Z2

2

2ZL
: under-matched (15a)

R5
Z2

2

2ZL
: perfectlymatched (15b)

R <
Z2

2

2ZL
: over-matched (15c)

Resistance R can be defined as (16) for the under-matched

region.

R5
Z2

2 11S22isojf 5f0

� �
2ZL 12S22isojf 5f0

� � (16)

Similarly, for the over-matched region, R is defined as (17).

R5
Z2

2 12S22isojf 5f0

� �
2ZL 11S22isojf 5f0

� � (17)

S22iso becomes zero for the perfectly matched region; therefore,

R is defined as (18).

R5
Z2

2

2ZL
(18)

The input and output matched regions should be chosen as

the same region to design the high-isolation wideband balun

(e.g., if under-matched Zt is chosen, then R must also be chosen

as the under-matched region). After calculating R with the

specified S22iso and the predefined Z0o, the characteristic imped-

ance of coupled line Z0ee is determined to provide transmission

poles of the output reflection coefficient in the passband.

From (12), the even-mode impedance of the coupled line can

be found as in (19).

Z0ee5
2Z0o1xð Þ1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8Z0o1xð Þx

p
2

(19)

where

Figure 7 Relation between even- and odd-mode impedances of

coupled line in Figure 1(a)

Figure 8 S-parameters of the high-isolation wideband balun according

to different regions: (a) perfect-matched, (b) under-matched, and (c)

over-matched regions. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

TABLE 2 Physical Dimension of the Proposed High-Isolation
Wideband Baluns Using Coupled Line

W1i558 mm L1i521 mm

W2i51.5 mm L2i540.8 mm

W3i53.3 mm L3i520.75 mm

W4i50.6 mm L4i521.5 mm

W2i5 Wout1i5 Wout2i52.4 mm S1i50.28 mm

Lini5Lout1i5Lout2i55 mm Ri57.5 X

Figure 9 Layout of fabricated high-isolation wideband balun
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x5
4Z2

t Z2R

Zt1Z1ð ÞZLZ21ZLZ2
t 22RZ2

t

(20)

Two parallel coupled lines are transformed into a single

coupled line by equating the ABCD matrix; the final circuit is

shown in Figure 1(a). Z0e is obtained as (21).

Z0e5
4NeZ0o1M2

e

� �
1Me

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16NeZ0o1M2

e

p
4Ne

(21)

where the odd-mode impedance (Z0o) can be set by the designer.

Figure 7 shows the relation between Z0e and Z0o as a design

graph. As shown in the graph, the even-mode impedance

increases almost linearly with Z0o.

To validate the analysis, a high-isolation wideband balun

was designed at f0 5 2.6 GHz with the return loss of 20 dB.

The calculated characteristic impedances and resistances of the

high-isolation wideband balun using the coupled line are also

shown in Table 1 according to different matched regions. Figure

8 shows the S-parameters of the high-isolation wideband balun

for input/output perfect-, under-, and over-match regions. As

shown in this figure, input and output return losses of the under-

matched region demonstrate best return loss and high-isolation

characteristics over the wideband.

3. SIMULATION AND MEASUREMENT RESULTS

For the experimental validation of the proposed balun, a high-

isolation wideband balun using a coupled line were designed.

The input and output return losses of the designed baluns were

specified as 20 dB at f0 5 2.6 GHz with terminated port impe-

dances of 50 X. The circuits were fabricated on a substrate RT/

Duroid 5880 of Rogers with a dielectric constant (er) of 2.2 and

thickness (h) of 31 mil. The electromagnetic (EM) simulation

was performed using HFSS v15 from Ansoft.

The high-isolation wideband balun using a coupled line was

designed for the input and output under matched regions. The

calculated characteristic impedances and resistances are chosen

from Table 1. Figure 9 shows the EM simulation layout of the

fabricated high-isolation wideband balun using a coupled line.

The overall circuit size was 60 3 60 mm2 and the physical

dimensions and component values are listed in Table 2. Figure

10 shows the EM simulation and measurement results and the

photograph of the fabricated balun. The measurement results

were in good agreement with the simulations. From the mea-

surement results, the input return loss (S11) was 21.39 dB at f0
5 2.6 GHz. The bandwidth of 20 dB return loss was obtained

0.98 GHz (1.98–2.96 GHz). The magnitudes of S21, S31, and S11

measured 23.09 dB, 23.14 dB, and 21.39 dB at f0, respectively.

As shown in Figure 10(a), the amplitude division of 23 6 0.8

dB was obtained on the bandwidth of 0.75 GHz (2.21–2.96

GHz). And the return loss better than 20 dB was obtained over

the bandwidth of 0.98 GHz. Similarly, as shown in Figure

10(b), the output return losses (S22 and S33) were 215.2 dB and

215.5 dB at f0 and were better than 215 dB from 2.18 to 2.83

GHz, respectively. Considering that the measured results

appeared acceptable, they may have been produced by some

error by the parasitic of nonideal TL and fabrication tolerance

of the microstrip coupled line. In addition, the measured isola-

tion (S23) of 221.84 dB was obtained at f0, which was better

than 18 dB over the bandwidth of 0.75 GHz (2.21–2.96 GHz).

The measured phase difference between the two outputs was

180 6 9� over the bandwidth of 0.78 GHz (2.2–2.98 GHz), as

shown in Figure 10(c).

Table 3 compares the performance of the proposed high-

isolation wideband balun using a coupled line with those in the

previous example. The proposed balun is a branch-line structure

implemented on microstrip PCB technology with no fabrication

difficulties and which shows high-isolation and wideband

characteristics.

4. CONCLUSION

In this article, a method of designing a high-isolation wideband

balun using a branch-line structure was proposed. To obtain

TABLE 3 Performance Comparison of the Proposed High-Isolation Wideband Balun with Previous Studies

Reference

Center Frequency

(GHz)

Fractional Bandwidth (%)

Within {jS11j}
Phase different (�)

within {BW}

Isolation

within {BW} Structure Size (mm2)

[4] 2 90 {10 dB} 61 {1.82 GHz} n.a slot-coupled marchand n.a

[10] 1.5 40 {17 dB} 610 {600 MHz} 220 dB {5600 MHz} CPW wilkinson n.a

[11] 2.4 8.3 {12.5 dB} 60.5 {200 MHz} n.a marchand n.a

[12] 1 15 {20 dB} 65 {230 MHz} n.a branch line n.a

[13] 1.5 43 {15 dB} 610 {580 MHz} n.a branch line 15.9315.9

This work 2.6 37.7 {20 dB} 69 {780 MHz} 218 dB {750 MHz} branch line 60360

Figure 10 EM simulation and measurement of the reflection and

transmission characteristics of the high-isolation balun. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com]

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 57, No. 5, May 2015 1233

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


high-isolation wideband characteristics, an isolation circuit using

coupled lines and a resistor on the branch-line structural balun

was used. Both theoretical and measurement results were pro-

vided for the validation. For experimental validations, a high-

isolation wideband balun using a coupled line were designed,

simulated, and fabricated. The measurement results were in

good agreement with the simulation results. The proposed struc-

ture is simple to design and fabricate and is expected to be

applicable to wideband RF systems.
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ABSTRACT: A leaky-wave antenna (LWA) is designed using quarter-
mode substrate-integrated waveguide (QMSIW). The LWA unit cell is

miniaturized because the QMSIW size is quarter of SIW cavity. A travel-
ing wave leaks away from open edges of the QMSIW. Its performance is
verified with full-wave simulation and measurements. The main beam

direction varies from 0 to 28� when frequency varies from 12.5 to
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1. INTRODUCTION

Waveguide structures have been widely used for millimeter-

wave or high-power applications that require high performance

owing to their numerous advantages, such as low-transmission

loss, high-Q factor, and high-power handling capability [1].

Moreover, electromagnetic (EM) sensitivity and crosstalk can be

reduced because of its enclosed structure. Nevertheless, their

applications are still limited because of bulky size and difficult

fabrication process.

Substrate-integrated waveguide (SIW) technology was first

proposed in [2,3]. The EM properties of a waveguide can be

realized using an SIW, which is manufactured using printed cir-

cuit board (PCB) process. With a waveguide, low profile and

simple fabrication can be achieved while maintaining the

performance.

Numerous techniques have been developed to reduce the

cavity size of SIWs. Half-mode SIWs (HMSIWs), quarter-mode

SIWs (QMSIWs), eighth-mode SIWs, and substrate-integrated

folded waveguides have been proposed in [4–8]. These miniatur-

ization techniques have been mostly used for small resonant

antennas.

In this study, a microstrip line-fed leaky-wave antenna

(LWA) is designed using SIW technology. The previously

reported SIW-based LWAs used a composite right/left-handed

transmission line [9] and an HMSIW [10]. However, a QMSIW

has not yet been used for LWA applications. To reduce the unit

cell size, a QMSIW is used, and the open sides of the QMSIW

are used as leakage slots. The radiation performance of the pro-

posed LWA is verified through full-wave analysis and experi-

ments. Its scanning angle can be varied from 0 to 28� by

varying the frequency from 12.4 to 15.4 GHz.

2. ANTENNA DESIGN

The proposed LWA is designed as a periodic structure. For peri-

odic LWA applications, the unit cell must operate in a slow-

wave mode. The unit cell is designed using a QMSIW. An

ANSYS high-frequency structural simulator is used for three-

dimensional full-wave EM field analysis. Figure 1 shows the

geometry of the unit cell with dimensions. It is fabricated on a

sheet of Rogers RT/Duroid 5880 substrate with a dielectric
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