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Abstract—A generalized two-way coupled-line power divider with
extended ports for dual band is proposed in this paper. The power
divider is composed of two section coupled-lines, one conventional
transmission line, and an isolation resistor, and employs extension of
a transmission line or coupled-line at each port. The design equations
are obtained based on even- and odd-mode analysis, and analytical
ideal closed-form scattering parameter expressions derived. Because
the traditional ring structure is a special case of coupled line, four
cases of this generalized power divider are discussed and compared.
In addition, the six power dividers simulated results of three special
cases are shown. Finally, three fabricated power dividers measurements
are used to certify this proposed structure and corresponding design
parameters.

1. INTRODUCTION

Power dividers are well-known three-port devices, and very important
for microwave and millimeter-wave systems, which can be widely
used in balanced power amplifier, radar system, feeding networks for
antenna arrays, measurement systems, mixers and phase shifters etc..
As is well known, the original power divider developed by Wilkinson [1]
consists of two quarter-wavelength lines and operates in a single band.
Rapid developments in modern wireless communication have imposed
their components to operate at dual-band and multiple bands. The
corresponding dual-frequency power divider with analytical design
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method was developed after Dr. Monzon derived the closed-form
design equations for the dual frequency impedance transformer [2], and
various novel structures have been proposed in [3-23, 32]. To satisfy the
ideal isolation and improve the matching characteristics, new isolation
structures including parallel RLC and series RLC are proposed in [3-6].
The papers [7-10] introduce modified impedance matching structure,
and the dual-band power dividers are presented in [11,12] without
reactive components, N-way and multi-way dual-band planar power
dividers are discussed in [14-19]. In order to reach high power
combining application, the paper [21] presented dual-band unequal
Gysel power divider with arbitrary termination resistance. However,
the proposed power divider was only for dual-band applications.
In [22,23], the novel methods are presented for the design of multi-
band power dividers. After decreasing the inherent circuit size
of the conventional Wilkinson power divider and to develop high
performance power dividers, coupled-line sections are used to design
power divider [24-31]. The power divider given in [24] is single-band
design, and provides more freedom of design parameters. The dual-
band power divider two-section cascaded coupled-line structure in [25]
has small frequency-ratio limitation, but frequency-ratio limitation
of the dual-band divider is improved in [26]. It is necessary to
point out that these coupled-line power dividers are one form of the
structure in [27]. Obviously, the coupled-line dual-band power divider
has compact size. In addition, other coupled-line power dividers are
studied in [28-31].

In this paper, a generalized coupled-line two-way power divider
with extended ports for dual band is proposed, which has two section
coupled-lines, one conventional transmission line, and one isolation
resistor. The coupled-line has compact structure and flexible design
parameters due to the introduction of even- and odd-mode impedances.
Based on the even- and odd-mode analysis, rigorous design equations
and analytical ideal closed-form scattering parameter expressions are
derived. The design parameters can be calculated by solving nonlinear
design equations which are obtained by the conventional even- and
odd-mode analysis. Since the traditional transmission line is a special
case of coupled line, four cases of this generalized power divider are
discussed and compared. In addition, the simulated results of three
special cases are shown and three fabricated power dividers certify this
proposed structure and corresponding design parameters. This paper
can be considered as an extension of the Wilkinson power divider [9].
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Figure 1. Proposed generalized coupled-line dual-band two-way
Wilkinson power divider.
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Figure 2. The equivalent circuits for (a) the even-mode analysis and
(b) the odd-mode analysis.
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2. CIRCUIT STRUCTURES AND DESIGN THEORY

Figure 1 illustrates the basic circuit structure of the proposed coupled-
line power divider with extended ports. The structure includes two
section coupled-lines, one conventional transmission line, and one
isolation resistor. Without loss of generality, the port 1 connects
impedance Z4 while the output ports 2 and 3 connect impedance Zp.
The microstrip transmission line with characteristic Z; and electrical
length 6, these coupled lines impedances Z;. and Z;,, and electrical
length 6;, where i = 1, 2, the isolation structure consists of a lumped
resistor R.

2.1. Analytical Nonlinear Equations for Parameters Design

An ideal equal dual-band power divider should satisfy that all ports are
matched and two output ports (Port 2 and Port 3 shown in Figure 1)
are isolated perfectly. After applying the even- and odd-mode analysis,
the following relationship of the parameters in Figure 2(a) must be
satisfied:

e _ de (ZB —|—jZ3e tan«93) (1)

a Z3e + jZp tan O3
Zg _ Zoe (Zs +'jZQe tan 92) (2)

Zae + JZ¢ tan b

271 (Zg + j2Z; tan 91)
277 —l—ng tan 6

274 =
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After several algebraic operations, the real and imaginary parts are
expressed as:

(2Z4 — Zp) Z1Z2e Z3e + (22pZ7 — ZaZ3,) Zse tan Oy tan O + (22527
~ZaZ3,) Zoe tan 0y tan O3+ (2Zp 25, — 224 Z5,) Z1 tan Oy tan3=0 (4)

(221735, — ZaZpZ3,) tan b tan Oy tan O3+ (ZaZp —223 ) Zae Zse tan 6y
+ (2ZaZp—23,) Z1Zse tan0g+ (224 Zp—73,) Z1 Zoc tanbfs =0 (5)

Similarly, from Figure 2(b), the following equations including the
isolated resistor can be written as:

Zg = jZy, tan 02 (6)
zg - & ZSR
Zo — a 2 — a 7
b Zo+ B T 2Z9+R 9
Z3o (22 + jZ3,tan b
Zino = 5 ( b + 723 tan 3) = ZB (8)

Zso + ng tan 03

Using (6), (7), and (8), the real and imaginary parts can be obtained
as follows:

(ZBR — 2Z3,) Zso tanbs tan s — ZpZs,R = 0 (9)

RZgo tan 93 — (QZB — R) Zgo tan «92 =0 (10)

Once the terminal impedances Z4, Zp, Z¢o and the electrical lengths
01, 02 and 03 are determined, optimization algorithms are then used
to obtain the final desired values, such as Z1, Zse, Z20, Z3¢, Z3, and R

can be obtained according to the analytical design Equations (4), (5)
and (9), (10).

(S12 = S21 = S13 = S31
S29 = S33
S23 = S32
S11 = Stte
S21e 11
[ (11)
21 NG
5996 + 59920
Gy = 222 ! 22
e S o
S Sao . 22
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2.2. Analytical Ideal Scattering Parameters

In order to improve the power dividers designing, it is necessary to
study the theoretical scattering parameters of the generalized power
divider. Due to symmetry of the circuit shown in Figure 1, the
relationship (11) must be satisfied [27]. So, we only need to obtain
the scattering parameters Siie, So1e, S22¢ and Sag,, we will know the
ideal-closed form equations for scattering parameters. The even-mode
ABC D-matrix between two ports (Port 1 and Port 2) is expressed
from Figure 2(a) as follow (12):

A1z Bio
Ci2 Diz],
| costy j2Zysinb, cosfy  jZy.sinby cosf3 jZsz.sinfs
_jﬁsinel cos 01 jZ%esinﬁg cos 05 jz%iesinﬁg cos 03

cos 01 cos 05 cos 0325, Z3,
—271 73 sin 01 sin 05 cos 03
— 73, sin 0 sin 03 cos 0,
—271 Z9e sin 07 cos 09 sin 03

cos 01 cos 0y sin 0329, Z3,
—2Z1Z3e sin 91 sin 92 sin 93

+73, sin 0 cos 6 cos 05
+271 Zye sin 01 cos Oy cos O3

Z2eZ3e
Z9e 3¢ Sin 071 cos O3 cos O3
+271 Z3, sin 6 cos 01 cos O3
4271 Z9e cos 81 cos 05 sin O3
— 72, sin 6 sin 0 sin 03

ZQe
271 Z9e cos 01 cos O cos O3
— 72, sin 0y sin 0 cos 03
—Z9e Z3¢ 8in 01 cos By sin O3
—271 Z3, sin 05 sin 03 cos 6

271 Z2e ZSe

271 Z2¢

(12)

Similarly, from Figure 2(b), the odd-mode ABCD-matrix can be
obtained as following (13):

Aqo Bio cosfy  jZoysinfy| [1 0 cosf3  jZ3,sinfs
|:012 D12:| o_ |:j2120 sin 92 COS 92 :| |:?2 1:| |:j Z:;o sin 93 COS 93 :|
[ [ j2Z5, 23, sin 65 cos O3 JR (Z3ocosbysinfs \7
( +R (Z3, cos by cos O3 ) ( +Z, sin 05 cos 03) )
—Z0 8in B9 sin O3) —279073, sin 05 sin O3
= ) RZso . R . (13)
JR (Zs3, sin 05 cos O3 J2 79023, cos B2 sin O3
( +Zo cos 03 sin 63) ) ( +R (Z3, cos 03 cos O3 )
+2 75,73, cos 09 cos 03 — 730 8in 09 sin 03)
L RZ20Z30 RZQO =

According to the transformation between scattering parameters and
ABC D-matrix parameters, the ideal closed-form even-mode and odd-
mode S-parameters (Z4 and Zp are real resistances) can be obtained

s (14)—(17), based on combining (11) and (14)—(17), the analytical
mathematical equations can obtain for the proposed generalized power
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divider in Figure 1.

(Zp —2Z A) Z1 ZaeZ3e cos 01 cos s cos O3

+ (ZAZQQe — 2Z3212) 73 sin 67 sin 6y cos O3
+(2Z4Z35, — ZpZ3,) Z cos 0y sin Oy sin 0
+(ZaZ5, — 2Z5Z3) Zse sin Oy cos 0 sin 0
(ZoeZise — 22472 p) Z1Z3c cos 01 cos O sin 03
+ (23,2425 — 227 Z3,) sin 0; sin 0 sin 03
+ (Z%e — 2ZAZB) Z1 23 cos 67 sin 65 cos 03
+ (2Z12 — ZAZB) ZoeZi3e Sin 01 cos 05 cos O3

+J

Stie = (Zp +2Z4) Zy Zae Z3e cos 01 cos O cos O3 (14)
- (ZAZ226 + 2ZBZl2) Z3¢ 8in 67 sin 0y cos 03
—(2Z4Z5, + ZpZ3,) Z cos 0y sin 0y sin 0
— (2423, + 2ZpZ}) Zaesin b cos b sin Oy
(ZoeZse + 2247 p) Z1Z3e cos 01 cos B2 sin 03
| = (23,2425 + 227 Z3,) sin6; sin 0, sin 0
+ + (ZQQE + ZZAZB) Z1 23 cos 61 sin 65 cos 03
+ (2212 + ZAZB) ZoeZige Sin 01 cos By cos O3
Sy = 221 Z9. 23\ 2202 (15)

(Zp +2Z4) Z1 ZoeZ3e cos 01 cos s cos O3
—(ZaZ3, + 2223 Zse sin b, sin 0 cos 03

— (22423, + ZpZ3,) Z cos b sin B sin 3
—(ZaZ3, + 22 Z}) Zoe sin 0y cos b sin 03
(ZoeZse + 2247 p) Z1Z3c cos 01 cos B2 sin O3
— (23,2425 + 221 Z3,) sin 0y sin 05 sin 05
+ (ZQQE + 2ZAZB) 7173 cos 67 sin 65 cos 03
+ (2Z12 + ZAZB) Z9eZi3e Sin 01 cos 05 cos O3

+J
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(2Z4 — ZB) Z1 Zoe Z3e cos B cos O3 cos O3

+ (2223} — ZaZ3,) Zse sin 0y sin 0 cos 05

+ (ZpZ3, — 2Z4Z3,) Z1 cos 0y sin 0, sin 03

=+ (223212 — ZAZ:,?G) Z9e sin 67 cos 05 sin 03
(ZoeZse — 2Z4ZB) Z1 Z3e cos 01 cos Oy sin O3
+(Z3.Z4Zp — 221 Z3,) sin 6 sin 0 sin O3
+ (2226 — 2ZAZB) 21243 cos 01 sin 05 cos O3
+ (2Z12 — ZAZB) Z9e 43¢ Sin 01 cos 65 cos 03
(Zp + 22 4) Z1 Zae Zs3e cos 0 cos O3 cos O3
—(ZaZ3, + 22 Z}) Zse sin 0y sin 3 cos 03

— (22425, + ZpZ3,) Z cos 0y sin 0, sin 03
—(ZAZ3, +2ZpZ3) Zse sin by cos B sin 03
(ZoeZse + 2247 ) Z1Z3e cos b1 cos O sin O3
— (Z%eZAZB + 22122326) sin #1 sin 0 sin O3
+ (2226 + 2ZAZB) Z1 23 cos 01 sin 05 cos O3
+ (2212 + ZAZB) Z9eZi3e Sin 01 cos 65 cos 03

(RZp—273,) Zaosin by sin 3 — RZp Z3, cos 05 cos O3
o +4 ((R—ZZB) Z90Z30 811 09 cos O3+ RZ3, cos O sin 93)
207 [ RZpZ3, cos O cos O3 — (RZp + 223,) Zaosin O sin 0
+3j ((R—|—2ZB) 790730 sin b9 cos 93+RZ§O cos 09 sin 93)

+J

So2e =

+J

(17)

3. SIMPLIFIED DESIGN PARAMETERS AND SPECIAL
CASES

In order to simplify design parameters, we assume Z4 = Zp = Zj,
01 = 6y = 03 =0, then (4), (5) and (9), (10) are simplified as (18):

21 ZoeZse + (223 — Z3.) Zse + (227 — Z3,) Zae

+ (23, —225,) Z1] tan® 0 = 0

(22175, — Z3,) tan® 0 + ZoeZse + 221 Zse + 221 Zoe

— 272750 T30 — 2172, Do — 7y Zoe 22, = 0 (18)
(R—223,) Zsotan® 0 — RZ3, = 0

R = &

\ Z2o =+ Z3O
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To ensure that the above equations can be satisfied simultaneously
at both frequencies f; and fo = mfi, m > 1 (m is the frequency ratio),
and to design compact power divider, the corresponding electrical
lengths of each section at the frequencies fi; and fo can be expressed
as [32]:

0 7
1=

14+m
oo i (19)
2= 14+m

Because the traditional microstrip transmission line is a special case of
coupled-line, this proposed generalized power divider can be reduced
four special cases power dividers. These special cases are summarized

as follows (Case A to Case D).

3.1. Case A

When Zs, = Zo, = Z5 and Z3, = Z3, = Z3, this two-section coupled-
line become two traditional microstrip transmission lines, the structure
employs transmission line extensions at each port of the conventional
Wilkinson power divider. In this approach, all three ports of the
power divider have extensions for the dual-band operation without any
coupling between them. The design Equation (18) become (20), this is
a closed-form design, four Equation (20) and four free magnitudes (21,
Zsy, Z3, R),these results have been published in [9] is a special case of
this generalized power divider.

3.2. Case B

When only Zs. = Zs, = Zy, one coupled-line becomes traditional
microstrip transmission line, two output ports extended and coupled
through a coupled-line section and the input port extension through a
transmission line. The design Equation (18) become (21), solving these
nonlinear design equations, the design parameters are calculated. This
structure similar [26], but has the input port extension. Two examples
(Example B1-Example B2) with different frequency-ratios are designed
and simulated, and the detailed design parameters are listed in Table 1.
The amplitude responses of S-parameters over different frequency
ranges are shown in Figure 3. Obviously, ideal return loss of each
port and isolation between output ports are attained, with insertion
loss of 3.01dB at two desired frequencies simultaneously in these two
examples.



Progress In Electromagnetics Research,

. 129, 2012 205

IS| (dB)

S| (dB)

Frequency (GHz)
Example B1

Frequency (GHz)
Example B2

Figure 3. The amplitude responses of S-parameters of Example Bl
and Example B2 in Case B.

Table 1. Final design parameters of three cases.

f1=1 GHZ, ZA =ZB=Z0 =50 Q
Case B Case C Case D
Example | Example | Example | Example | Example | Example
B1 B2 C1 C2 D1 D2
m=1.5 m=2 m=2.5 m=3.5 m=1.5 m=2.5
0
(g‘}‘f) 2.5 n/3 /3.5 /4.5 /2.5 /3.5
Z (Q) 47.83 49.87 21.53 13.99 60.07 82.62
Zy. (Q) 76.84 79.09 48.81 63.44 110.63 98.28
Zy (Q) 76.84 79.09 40.22 36.23 89.85 89.11
Z3. (Q) 57.95 62.90 28.41 19.52 72.70 109.15
Z3, (Q) 39.52 37.73 28.41 19.52 40.51 36.29
R(Q) 66.04 67.71 58.61 64.99 68.93 71.07
3.3. Case C

When only Zs. = Zs, = Z3, one coupled-line becomes traditional
microstrip transmission line, and the structure employs transmission

line extension at each port of the coupled-line power divider.

The

design Equation (18) become (22), and solving these nonlinear design
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Figure 4. The amplitude responses of S-parameters of Example C1
and Example C2 in Case C.

Equation (22), the design parameters are calculated. Two examples
(Example C1-Example C2) with different frequency-ratios are designed
and simulated, and the detailed design parameters are listed in Table 1.
The amplitude responses of S-parameters over different frequency
ranges are shown in Figure 4. In these examples, ideal matching of
each port, isolation between output ports, and insertion loss of 3.01 dB
are satisfied at two desired frequencies simultaneously.

3.4. Case D

When the generalized coupled-line power divider with extended ports
has two section coupled-lines, one conventional transmission line
and an isolation resistor, the nonlinear design equations are (18),
which has compact structure and flexible design parameters, solving
nonlinear design Equation (18) by optimization algorithms, the design
parameters are obtained. Two examples (Example D1-Example D2)
with different frequency-ratios are designed and simulated, and the
detailed design parameters are listed in Table 1. The amplitude
responses of S-parameters over different frequency ranges are shown
in Figure 5. The matching of both the input port and output ports
at two frequencies is ideal, isolation between output ports at two
frequencies is perfect, and the insertion loss equals to 3.01 dB at two
desired frequencies simultaneously. In addition, when the frequency-
ratio is relatively small, these generalized power dividers can be used
as wideband ones, such as Example B1, Example B2 and Example D1.
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Figure 5. The amplitude responses of S-parameters of Example D1
and Example D2 in Case D.

Moreover, we need to indicate is that the simulated transmission line
and coupled-line using ideal no-loss transmission line and coupled-line
in the above cases.

(Z1 2223 + 22123 (Z1 — Z3) + 221 Zy (Z1 + Z>)
—Z2Z3(Zy + Z3)] tan? 0 = 0
(221735 — Z3) tan® 0 + ZoZs + 221 Z3 + 22120 — 227 273

— 217373 — 71 2972 =0 (20)
(R—273) Zytan®0 — RZ3 =0
27
R— 222
\ Zo + Z3

(21 Z2Z3e+((227—23) Z3e+ (227 —Z5,) Zo+H(Z5-223,) Z1 | tan®0 =0
(22175, — Z3) tan’® 0 + ZoZse + 221 Zsc + 221 Zo — 221 Zo Zse

— 2173730 — Z1 2273, =0 (21)
(R—273,) Zytan®* 0 — RZ3, = 0

27
R= 2

Lo+ Z30
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(21 Zse Z3+((227—23,) Z3+(227—23) Zoe +(Z5.—223) Z1 | tan®0 =0
(22123 — Z3,) tan’ 0 + Zse Zs + 22125 + 221 Zoe — 227 Zoc Z3
— 175,75 — Z1Z2. 75 = 0 (22)
(R —2Z3) Zootan®0 — RZ3 =0
R— ﬂ

ZZO + Z3

3.5. Comparison of Four Special Cases

In order to compare the performance of proposed power divider with
four cases at the same frequency ratio, we have designed four power
dividers Case 1, Case 2, Case 3 and Case 4, and corresponding to the
four cases Case A, Case B, Case C and Case D, respectively. Without
loss of generalization, here, assume that the frequency ratio m = 2.3,
f1 = 1.0 GHz, not a special value. So, four power dividers are working
at 1 GHz/2.3 GHz, the detailed design parameters are listed in Table 2.
The amplitude responses of S-parameters at the same frequency ranges
with four cases are shown in Figure 6. Moreover, we need to indicate
is that the simulated transmission line and coupled-line using ideal
no-loss transmission line and coupled-line too.

From the simulation results we can see that, the performance
of Case 2 is the best in the whole frequency range, the other three
cases very close. However, compared with Case A with conventional
transmission lines, Case B-Case D with coupled-line has advantages,
such as compact structure and flexible design parameters due to
introducing even- and odd-mode impedances.

Table 2. The design parameters of four cases.

f1=1GHz, Zo = Zp = Zo =50, m = 2.3

\ Case A | Case B | Case C Case D
Case 1 | Case 2 | Case 3 Case 4

0 (rad) @ f; | /2.3 | w/2.3 | ©/2.3 /2.3
71 () 24.28 52.99 23.14 79.61

Zae (2) 4720 | 79.87 | 45.49 106.17

Z9o () 47.20 79.87 40.67 89.28

Z3c (22) 31.50 68.88 30.01 103.28

Z30 () 31.50 36.35 30.01 37.29
R(Q) 59.98 68.72 57.55 70.54




Progress In Electromagnetics Research, Vol. 129, 2012 209

[S11] (dB)
S22] (dB)

-40 T ' T Tt A T o
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
Frequency (GHz) Frequency (GHz)
(a) (b)
3.0 T T ¥ 0 T T T T T
35 g B
‘ -10 4 e
4.0 —~ s
& J
2 457 ~ 20
= =
a 5, @ 254 ,
- —*—Case 1 \, A —*—Case 1
—o—Case 2 \ o a/ -30 4 —o—Case 2
554 —=—Case 3 R = ] ] 35 —5—Case 3
—&—Case 4 L ] —a—Case 4
-6.0 . : : T T -40 T 1 T T T
0.0 0.5 1.0 L5 2.0 2.5 3.0 0.0 0.5 1.0 15 2.0 25 3.0
Frequency (GHz) Frequency (GHz)
(©) (d)

Figure 6. The amplitude responses of S-parameters of Case 1-Case 4.

4. EXPERIMENTAL RESULTS

In this section, to certify this structure and design parameters, a
Case B power divider operates at 1 GHz and 2 GHz, a Case C power
divider operates at 1 GHz and 2.5 GHz, and a Case D power divider
operates at 1 GHz and 1.5 GHz are fabricated in microstrip technology,
respectively. The design parameters are obtained from Example B2,
Example C1 and Example D1 in Table 1, which is given in Section 3. In
these three examples, a practical substrate with the relative dielectric
constant of 2.55 and the height of 1mm is applied. And the final
photographs of the fabricated power dividers are shown in Figure 7,
all the measured results shown in Figure 8 are collected from Agilent
N5230C network analyzer.

The measured S-parameters of the Example B2 dual-band power
divider are presented in Figure 8(a). It shows excellent performance
with the insertion loss of 3.07 dB and 3.17 dB at two desired frequencies



210 Li et al.

simultaneously, return loss and isolation better than —15dB from 0.73
to 2.4 GHz, the power divider can be used as wideband.

From Figure 8(b), in this Example C1 dual-band power divider,
the absolute value of transmission parameters So; is 3.12dB and
3.37dB at two desired frequencies simultaneously, the output matching
parameters Soo and the isolation Sso are below 30dB, but the input
matching parameters S11 has a little frequency shift at 2.5 GHz.

From Figure 8(c), the transmission parameters Ss; is approxi-
mately 3.02 dB and the corresponding values are 3.025dB and 3.018 dB
at 1 GHz and 1.5 GHz, the good isolation between the output ports Sso,

Figure 7. Photographs of the fabricated power dividers (Example B2,
Example C1 and Example D1). (a) Example B2. (b) Example C1.
(¢) Example D1.
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Figure 8. The measured S-parameters of the dual-band

power dividers (Example B2, Example C1 and Example DI).
(a) Example B2. (b) Example C1. (¢) Example D1.

the input matching S11 and the output matching Sso are below —15dB
from 0.82 to 1.68 GHz, the power divider can be used as wideband too.

5. CONCLUSION

A generalized coupled-line power divider with extended ports for dual
band has been proposed, analyzed, designed, and implemented in this
paper. The power divider employs transmission line or coupled-lines
extensions at each port. The design equations have been obtained
by using rigorous even- and odd-mode analysis, and analytical ideal
closed-form scattering parameter expressions are derived. Because the
traditional microstrip transmission line is a special case of coupled-
line, the proposed power divider can be regarded as a generalized
model, which combines the dual-frequency modified Wilkinson power
divider [9] and other three special cases have discussed above. The
analytical design process is verified by experiments including three
examples with different structures and frequency-ratios. The results
of practical microstrip power dividers indicate that it can operate at
desired dual-band with good performances in return loss, equal power
dividing and isolation. Actually, this proposed power divider is very
suitable for the microstrip circuit implementation in dual-band wireless
systems.
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