
International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper

Cite this article: Shahraki H, Hakimi A, Afrooz
K, Pezhman MM (2018). High gain dual-band
distributed amplifier using new composite
right/left-handed transmission line.
International Journal of Microwave and Wireless
Technologies 10, 1118–1127. https://doi.org/
10.1017/S1759078718001265

Received: 2 February 2018
Revised: 27 July 2018
Accepted: 8 August 2018
First published online: 4 October 2018

Keywords:
Composite right/left-handed (CRLH); dual-
band distributed amplifier (DBDA)

Author for correspondence: Kambiz Afrooz,
E-mail: Afrooz@uk.ac.ir

© Cambridge University Press and the
European Microwave Association 2018

High gain dual-band distributed amplifier using
new composite right/left-handed transmission
line

Hamed Shahraki1, Ahmad Hakimi1, Kambiz Afrooz1 and Mohammad

Mahdi Pezhman2

1Department of Electrical Engineering, Shahid Bahonar University of Kerman, Kerman, Iran and 2Department of
Electrical Engineering, Yazd University, Yazd, Iran

Abstract

In this paper, a high-gain dual-band distributed amplifier (DBDA) based on the metamaterial
transmission line (TL) is proposed. To have two separate frequency bands in the distributed
amplifiers, the composite right/left-handed (CRLH) TLs are used instead of conventional TLs.
Although both forward and reverse gains of the distributed amplifiers are available in this
case, they suffer from their low gains. In this paper, to increase the DBDA power gain, a
new circuit architecture for the CRLH TL is introduced. By using the proposed CRLH TL,
a lower wave attenuation coefficient at the forward band of the DBDA is achieved than the
conventional structures, which causes a higher forward power gain. Simulation results also
show that the power gain of the proposed DBDA is about 28.5 dB at the desired frequency
bands, and good agreement between the measurement and simulation results confirms the
accuracy of the design method.

Introduction

Multi-band wireless systems have attracted much attention, because of their abilities to work at
various standards [1, 2]. There are many applications for multi-band systems such as long-
term evolution, global system for mobile communications, and wireless local area network
[1]. Accordingly, the demand for an efficient design method to realize multi-band amplifiers
is very high. In this regard, dual-band amplifiers have been proposed by using the active feed-
back circuit technique [3] and switches [4]. Recently, a new technique to design the dual-band
circuits and systems has been devised by introducing the metamaterial transmission lines
(MTM TL). The MTM TLs have special characteristics such as negative refractive index and
nonlinear phase constant that can be used to achieve the various frequency responses [5].
The composite right/left handed (CRLH) TL is the most famous structure of the MTM,
which is widely used in the microwave and RF circuits [6, 7]. Several dual-band distributed
amplifiers (DBDAs) using the CRLH TL were reported in 2006 [8, 9]. Although this kind
of DBDAs has two interesting frequency bands, its power gains are very low [8, 9], which is
similar to the conventional DAs. To improve the distributed amplifier (DA) gain, some meth-
ods such as cascaded gain cells [10–12] and negative capacitor [13] have been introduced.
However, all published multi-band DAs have low power gains [2, 8, 9].

In this work, a new technique to overcome the drawback of low power gain of the DBDAs is
introduced. In the proposed technique, a detailed analysis for the wave attenuation coefficients
of the conventional DBDAs is first provided. Then, a new unit-cell to decrease the attenuation
coefficients, at a desired band is introduced. This leads to a higher power gain for the modified
DBDA. It should be noted that although the new CRLH unit-cell can only increase the power
gain at the forward band, in addition, by using the obtained analysis, the DBDA power gain
can be increased at the other bands by another unit-cell, and a true design. To validate the
results, a pHEMT DA based on the CRLH TLs is manufactured and measured. The proposed
circuit exhibits a reverse power gain of 28.5 ± 1.5 dB with 2 GHz bandwidth and a forward
power gain of 28.5 ± 1.2 dB with 2.5 GHz bandwidth. Furthermore, the simulation results
show that the forward power gain of the DBDA is increased about 3 dB, using the introduced
CRLH TL. The paper is organized as follows: The DBDA operation mechanism is given in the
section “Analysis of DAs”. In the next section, the design procedure of the proposed DBDA is
illustrated. In the section “Analysis of attenuation coefficient”, the theoretical analysis of the
attenuation coefficient is given, and the simulation and measurement results are presented
in the section “Simulation and measurement results”. Finally, concluding remarks are given
in the section “Conclusion”.
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Analysis of DAs

Conventional DAs

With reference to the equivalent circuit shown in Fig. 1, a classic
DA consists of the cascading active devices and TLs. The forward
(Gfwd) and reverse (Grev) power gains of the DAs are defined as (1)
and (2), respectively, [14–16].
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where Z0g and Z0d are the characteristic impedances of gate and
drain lines, respectively, gm is the transconductance, βg and βd
are the phase constants of the gate and drain lines, respectively,
and “n” indicates the number of gain cells. It should be noted
that these relations are obtained when the transistors are unilat-
eral. Equation (1) shows that, the forward power gain (Gfwd)
becomes frequency-independent when βd = βg. Whereas, accord-
ing to (2), the reverse power gain (Grev) is frequency-independent
when βd =−βg. In the conventional DAs, gate and drain TLs are
right-handed (RH) (shown in Fig. 2(a)), which the phase constant
of this TL, is given by (3).

bRH = v
������
LgCg

√
. (3)

From (3), β is always positive and therefore, only the forward
power gain (S41) of the conventional DA is usable. This condition
can be changed by replacing the RH TL with the CRLH TL.

CRLH TL

Figure 2(b) shows the equivalent circuit of a CRLH TL. The
CRLH TL consists of a series LC resonator (Zd) in the horizontal
branch and a parallel LC resonator (Yd) in the vertical branch.
The phase constant of the CRLH TL can be obtained as follows
[17]:

b = s(v)
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DBDA with CRLH TL

Equation (4) shows that unlike the RH TLs, the CRLH TLs can
have β < 0. Therefore, by replacing the RH TL with the CRLH

TL in a DA, the situations of −βd = βg and βd = βg could be
achieved at two various frequencies, respectively [9]. As a result,
both forward and reverse gains could be frequency-independent.

Design of the DBDA

The main structure of the proposed DBDA is illustrated in Fig. 3.
Port 1 and Port 2 are the input and isolated ports, respectively,
and Port 3 and Port 4 are the output ports. This structure amp-
lifies the input signals at two various frequency bands, with center
frequencies of f1 and f2 and then extracts them from Ports 3 and 4,
respectively.

Design of the TLs

As shown in Fig. (3), the gate and drain lines of the proposed
DBDA are provided by the RH and CRLH TLs, respectively.
There are two reasons for these choices: First, by selecting the
CRLH TL as the gate line, it has the significant effects and distor-
tions on the return loss (S11), therefore, the RH TL is selected as
the gate line. Second, by increasing the number of gain cells
(longer gate TL), the wave attenuation of the gate line increases
and finally, it can surpass the amplification. Thus, the number
of gain cells is limited by the attenuation of the gate line. As a
result, since the RH TL has the lower attenuation than the artifi-
cial TL [5], it should be selected as the gate line.

To design the TLs, first, the desired frequency ranges for the
forward (f2) and reverse (f1) power gains should be determined.

There are two points to note about f1 and f2 frequencies:

(i) In fact, by a suitable approximation, f1 and f2 are the center
frequencies of the reverse and forward bands and therefore
these frequencies must be carefully selected. However, para-
sitic elements and transistor model errors can change this
issue.

(ii) It should be noted that by increasing the value of f2 than f1,
the wider frequency bands for the DBDA are obtained.

But the proposed DBDA is designed by using ATF36-163
HEMT transistor, that its gain decreases after 10 GHz, severely.
Then f1 = 4 GHz and f2 = 8 GHz are selected. It is clear that by
using the transistors with higher ft, achieving a higher f2 and
accordingly a wider bandwidth is possible.

From (5), the RH TLs are fully determined by their matching
conditions and phase specifications, at a single operating fre-
quency [5].

Cg = b1/v1Z0C

Lg = Z2
0CCg

{
, (5)

where Z0C is the characteristic impendence, and is selected equal
to the port impedance (50Ω), to achieve a wide band matching
[5]. In addition, the phase constant of the RH TL is a linear func-
tion of frequency (Eq. (5)). Therefore, the whole dispersion curve
is determined by having the value of β at a specified frequency.
On the other hand, unlike the RH TLs, CRLH TLs have four ele-
ments in their circuit models (instead of two), and their disper-
sion curves are nonlinear. Therefore, designers have a greater
degree of freedom. Hence, the design procedure is started by
designing a RH TL as the gate line. In this regard, an arbitrary
value for βg( f1) should be selected. In this paper, it is assumed
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that βg(4 GHz) = 0.65 (rad/m). From (3), βg equals 1.3 (rad/m) at
8 GHz frequency. As a result, to achieve the DBDA, a CRLH TL
should be designed as the drain line, such that the following con-
ditions are satisfied:

bd(4GHz) = −0.65(rad/m) and

bd(8GHz) = 1.3 (rad/m). (6)

The components values of the CRLH unit-cell can be obtained as
below [5]:

CR = (b1v1 − b2v2)/(Z0C(v2
1 − v2

2))
CL = 1/ v2

1 −
b1v1

Z0CCR

( )
Z2
0CCR

LR = Z2
0CCR

LL = Z2
0CCL,
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(7)

where Z0C is the characteristic impedance, and is selected equal to
the port impedance (50Ω) to achieve a wide band matching [5].
Table 1 shows the calculated element values of TLs, using (5)–
(7). According to the given values in Table 1, the dispersion
curves of the gate and drain lines are plotted in Fig. 4. As
shown in the figure, the phase constants of the gate and drain
TLs are the same at two frequencies of 4 GHz and 8 GHz.
Therefore, the design procedure of TLs to achieve a DBDA is
completed.

Overall structure of the proposed DBDA

As mentioned previously, DAs have a broad bandwidth while
their gains are low, due to the additive gain mechanism [1]. In
recent years, to solve the low gain problem of DAs, many

topologies have been reported, such as cascaded single stage
DAs (CSSDA) [1] and matrix DAs [18], which their gain
mechanisms are multiplicative. Therefore, to realize a high-gain
DBDA, the proposed structure is designed based on the multi-
plicative gain mechanism, as the first step. As shown in Fig. 3,
the gain cell is realized by two cascaded common-source transis-
tors. Simulation of the designed DBDA is performed using the
ADS simulator. The results are shown in Fig. 5, and the proposed
DBDA achieves a forward power gain (S41) of 24.5 ± 1 dB, and a
reverse power gain (S31) of 27.5 ± 1. Although the designed struc-
ture has a high power gain compared with the other reported
multi-band DAs [2, 8, 9], the forward power gain is about 3 dB
lower than the reverse power gain. This issue can be related to
the increase of the parasitic effects with frequency. In the section
“Analysis of attenuation coefficient”, to reduce the power gain dif-
ference between S31 and S41 of the introduced DBDA and to
increase the power gain at the forward band, a new method is
presented.

Analysis of attenuation coefficient

Preliminary

In the general case, with the bilateral (S12T≠ 0) transistors, the
wave propagation constants of drain and gate lines have a positive
real part, even when transmission lines are lossless [19]. In this
work, by decreasing the wave attenuation coefficient in the pro-
posed DBDA, its power gain at the forward band is enhanced.
To provide insight, the attenuation coefficients of the conven-
tional DBDAs were first calculated and then compared with the
proposed DBDA. The equivalent circuit of a small segment of a
DA is shown in Fig. 6. Using the voltage and current equations
in the drain and gate lines, the voltages in the gate and drain
lines can be described by the following system of the linear partial
differential equations [19]:

∂2

∂x2
vg
vd

[ ]
= A11 A12

A21 A22

[ ]
vg
vd

[ ]
, (8)

where A11 = zg( yg + ygd), A12 = −zgygd, A21 = (gm− ygd)zd, and A22

= zd( yd + ygd). In addition, zg, yg, zd, and yd can be determined
from Fig. 2. By applying the Laplace transform on (8), a charac-
teristic equation is derived as below [19]:

(S2 − A11)(S2 − A22) − A12A21 = 0, (9)

where “S” is the laplace frequency. It should be noted that to pre-
sent a comprehensive analysis for the attenuation coefficients, the
relations of this section are obtained when the transistors are
bilateral. Furthermore, the voltage waves in the gate and drain

Fig. 1. Conventional distributed amplifier.

Fig. 2. (a) RH and (b) CRLH unit cell.
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lines have the general form of (10) [19].

V(x) = k1e
−g1x + k2e

g1x + k3e
−g2x + k4e

g2x. (10)

Using (8) and (9), the propagation constants of the DA (γ1,2) are
derived as follows [19]:

g1,2 = a1,2 + jb1,2 =
�����������������
A+

���������
B+ 4C)√
2

√
, (11)

where A = A11 + A22, B = (A11− A22)
2, and C = A12A21.

A = zg(yg + ygd) + zd(yd + ygd)

= ( j2v2LgC
′
g) + ( jvLr + 1

jvCl
) jvCgr + 1

jvLl

( )

B = zg(yg + ygd) − zd(yd + ygd)
( )2

= ( j2v2LgC
′
g) − jvLr + 1

jvCl

( )
jvCgr + 1

jvLl

( )( )2

C = −(gm − jvCgd) jvLr + 1
jvCl

( )

× ( jvCgd × jvLg)andC′
g = Cg + Cgd.

Fig. 3. Schematic of the proposed DBDA.

Table 1. Lumped elements for the TLs

CG(PF) CL(PF) CR(PF) LL(nH) LR(nH) LG(nH)

0.5 0.4 0.9 1 2.25 1.25

Fig. 4. Dispersion curves of the designed RH (dashed line) and CRLH TLs (solid line).

Fig. 5. S-Parameters of the DBDA with the conventional unit-cells.
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The real parts of γ1,2 (α1 and α2), are plotted in Fig. 7. As men-
tioned previously, the goal of the paper is to decrease the attenu-
ation coefficients at the desired frequency band, which is shown in
the rectangular area of Fig. 7. From (11), the attenuation coeffi-
cient (α) is minimized when:

A+ <e ��������
B+ 4C

√
, 0 &

(1)A+ <e( ��������
B+ 4C

√ ) � −1
(2) or Im( ��������

B+ 4C
√ ) � 0

{
.

(12a)

And α is maximized when:

A+ <e ��������
B+ 4C

√
. 0

&
(1)A+ <e( ��������

B+ 4C
√ ) � +1

(2) or Im( ��������
B+ 4C

√ ) � 0.

{ (12b)

(3) Im( ��������
B+ 4C

√ ) � +1 & A+ <e( ��������
B+ 4C

√ ) , 0.
{

(12c)
The proof of equation (12) is given in appendix A.

Finding the corresponding frequencies to αmin

In the case where A+ <e( ��������
B+ 4C

√ ) � −1
Equation (12a-1) shows that the attenuation coefficient (α) is
minimized when either term “A” or <e( ��������

B+ 4C
√ ) goes to −∞.

In the general case, A and <e( ��������
B+ 4C

√ ) are always negative
and positive, respectively (as will be seen in Fig. 15), and the mag-
nitude of A is always greater than <e( ��������

B+ 4C
√ ), which guaran-

tees the negative sign for (A+ <e( ��������
B+ 4C

√ )). In other words,
to find the corresponding frequencies to αmin, the poles of term
“A” should be calculated as follows:

A = zg(yg + ygd) + zd(yd + ygd) = ( j2v2LgC
′
g)

+ jvLr + 1
jvCl

( )
jvCr + 1

jvLl

( )

= −1 ⇒ zdyd = −1 ⇒ va1,2min1 = 0.

(13)

From (13), since zg, yg, and ygd do not have any poles, poles of “A”
are the same with Zd and Yd (where Zd and Yd are the horizontal
branch impedance and the vertical branch admittance of the
CRLH unit cell, respectively).

In the case where Im( ��������
B+ 4C

√ ) � 0
In addition, according to (12a-2), the attenuation coefficient (α) is
minimized when:

Im( ��������
B+ 4C

√ ) � 0 �B is purely real
Im(C) = 0

⇒ Im − gm − jvCgd
( )

jvLr + 1
jvCl

) × ( j2v2CgdLg

( )[ ]
= 0

⇒ jvLr + 1
jvCl

= 0 ⇒ va1,2min2 =
1�����
LrCl

√ .

(14)

Thus, in the DBDAs based on the conventional CRLH TL, α1,2 are
minimized at the zero frequency of the horizontal branch
(vamin 2 = (1/ ������

LRCL
√ )) and pole frequencies of the horizontal

Fig. 7. The attention coefficients of the DBDA (the elements are selected as Table 1).

Fig. 6. Equivalent circuit of a small segment of the DA.
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and vertical branches (ωα min 1 = 0). As a result, the attenuation
coefficient can be decreased at the desired frequency band, by
adding a suitable pole to one of the branches (horizontal or ver-
tical) of the CRLH. This goal is achieved by introducing a new
CRLH TL.

Adding a new minimum point to α curve, in the Case
A+ <e( ��������

B+ 4C
√ ) � −1

Figure 8 shows the proposed CRLH unit cell. As shown in the fig-
ure, the horizontal branch of the proposed topology is similar to
the conventional CRLH TL, but in the vertical branch, a series
inductor (Lm) is added to the parallel LC resonator. The attenu-
ation and phase constants of this TL, in comparison with the con-
ventional type, are illustrated in Fig. 9. It is clear that the
difference between these two TLs is noticeable, only at the RH
band. Hence, it is expected that by using the introduced TL,
only S41 of the proposed DBDA is changed. From Fig. 8, the
admittance of the vertical branch is equal to:

Ydnew = 1

jvLm + 1
jvCr + (1/jvLl)

= ( j2v2LlCr) + 1
jv(Lm( j2v2LlCr) + (Lm + Ll)) . (15)

According to (15), the vertical branch admittance (Ydnew) of the
proposed CRLH TL has two acceptable poles in comparison
with the single pole of the conventional CRLH TL. The new
pole of Ydnew is obtained as below:

Ydnew � 1 ⇒ ( j2v2LlCr) + 1
jvLm( j2v2LlCr) + jvLl

� 1

⇒ jvLm( j2v2LlCr) + jvLl = 0 � va1,2 min 3

=
�����������
Ll/Lm + 1

CrLl

√
.

(16)

Figure 10 shows the attenuation coefficients for the proposed
structure. As expected, using the introduced CRLH, α becomes
zero at three frequencies in opposition to the conventional type,
which the number of these frequencies is two. It can also be
observed that the wave attenuation coefficient is severely
decreased at frequencies between ωα,min 2 and ωα,min 3, leading
to higher power gain for the structure. From Fig. 11, by using
the proposed CRLH, the forward power gain (S41) is increased
about 3 dB and the level difference between S31 and S41 is
removed.

Simulation and measurement results

To validate the discussed analysis, a DBDA was designed using
the ATF36163 HEMT transistor. It has been fabricated on the
RO4003C substrate with the relative permittivity of 3.55, loss tan-
gent equal to 0.0027, and thickness of 0.5 mm. The required series
capacitor (CL) in the CRLH unit cell is provided by the interdigital
capacitor, and the capacitance value (CL) and the inductance
value (LR) (shown in Fig. 2) depend on the number and thickness
of the interdigital fingers and their gap width. The output imped-
ance of the active device is used to make the capacitance CR and
inductance LL. Also, the transmission line between the active

devices and the drain TL creates the inductor (Lm) of the pro-
posed CRLH TL. It should be noted that, there are limitations
on the realization of TLs:

1) In the general case, since the series capacitance CL (shown in
Fig. 2) is usually provided by an interdigital capacitor,
designers have several technological limitations: First, the
interdigital capacitor has a poor capacitance per-unit-length,
especially at microwave frequencies. Secondly, the bandwidths

Fig. 8. The proposed CRLH TL.

Fig. 9. β and α for the CRLH unit cell.

Fig. 10. The attention coefficients of the DBDA (solid lines: using the conventional
CRLH TL, dotted lines: using the proposed CRLH TL, Lm = 0.2 nH).
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of these structures are limited by spurious transverse reso-
nances of the interdigital capacitor. In fact, designers to realize
the capacitance higher than 1 PF (using interdigital capacitor)
have many problems, due to the imposed spurious transverse
resonances. Therefore, there is a minimum operating fre-
quency to choose.

2) On the other hand, the operating frequency cannot be
increased to any desired value, since to achieve that, the elem-
ent values of the metamaterial unit cell should be selected as
small as necessary. But this is impossible, because of the para-
sitic elements of the active devices (which play an important
role to realize these unit cells) cannot be reduced to the extent
necessary. Therefore, according to the used technology, there
is a maximum frequency to choose.

The transistors were biased at Vdrain = 1.3 V, Vsource = 0 V, Vgate =
0.2 V. The total drain current for transistors was 40 mA, and for
DC bias, the lumped discrete capacitors (100 pF) were utilized as
dc blocks in several points on the board. Figure 12 shows the
photograph of the fabricated circuit, which its total chip area is
17.5 (3 cm × 5.5 cm). As shown in the figure, the proposed
DBDA is composed of two main parts:

1) A CSSDA is attached to the input port which includes two cas-
caded transistors and an input matching circuit. There are two
reasons for adding this part to the proposed structure: when
the pre-amplifier is removed, the gate TL is responsible for
the input matching. Furthermore, as said before, to provide
a DBDA, the gate and drain TLs should be designed such
that condition (6) is satisfied. As a result, there are some pro-
blems to achieve the input matching and condition (6), simul-
taneously. By adding the preamplifier, the isolation between
the input port and the gate line is improved. Hence, easier
access to the input matching at the wide bandwidth and a
greater degree of freedom to design the gate line are achieved.

2) A common DA, in which the drain TL was constructed by the
CRLH TL and converts the DA into the DBDA. The gain cell
of this part was formed by two cascaded common-source
transistors.

To provide insight, the preamplifier and the DBDA parts are
simulated separately, and the results are shown in Fig. 13. As

Fig. 11. S-Parameters of the proposed DBDA: using the conventional CRLH TL (solid
lines: Lm = 0), using the proposed CRLH TL (dashed lines: Lm = 0.4 nH).

Fig. 12. Photograph of the fabricated DBDA.

Fig. 13. The power gains of the (a) preamplifier, (b) DBDA part.
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illustrated, the preamplifier has a power gain of 12.5 dB, and
therefore it plays an important role in improving the power
gain. Furthermore, the DBDA part by having the forward and
reverse power gains of 13 dB provides a dual band amplifier.

The scattering parameters of the DBDA are plotted in Fig. 14.
From Fig. 14(a), the return loss (S11) of the designed DBDA is
better than 10 dB through the forward and reverse frequency
bands. As shown in Fig. 14(b), the DBDA achieves 28.5 ±
1.2 dB forward gain (S41) and 28.5 ± 1.5 dB backward gain (S31).
In addition, the 3-dB bandwidths of the forward and backward
power gains are 2.5 GHz (from 5.5 to 8 GHz) and 2 GHz (from
2 to 4 GHz), respectively. The obtained bandwidth is good in
comparison with the conventional DBDAs. In addition, simulated
and measured results show an acceptable agreement. Some
reported multi-band DAs are presented in Table 2, for compari-
son. It is clear that the proposed circuit has a higher power
gain and wider bandwidth, than the other reported DBDAs.

Conclusion

A high-gain dual-band DA with composite right/left-handed
transmission line has been presented. By using a new CRLH TL
in the DBDA, the attenuation coefficients have decreased, leading
to increased S41 for the structure, (about 3 dB at high-frequency
band). The proposed method can be used to increase the power

Fig. 14. S-parameters of the DBDA: (a) S11 and (b) power gains of the proposed DBDA (solid lines: full-wave simulation, dotted lines: measurement).

Table 2. Comparison of the results for multi-band DAs.

Ref Amplifier Technology Num. of outputs Frequency Power gain S11(dB)

[2] DA pHEMT(ECRLH) 2 (quad band) 2.6− 3.2(0.6 GHz)
4− 4.5(0.5 GHz)
2.25− 2.6(0.35 GHz)
3.25− 3.75(0.5 GHz)

8–11 −10

[8] MDA FET(CRLH)Active Coupling 2 (dual band)
0.35− 0.65(0.3 GHz)
0.6− 0.7(0.1 GHz)

5–9 –

[16] DA GaAs MESFET(CRLH) 2 (dual band) 1.4− 2.4(1 GHz)
2.5− 4(1.5 GHz)

6–10 −6

[20] DA HEMT (CRLH) 2 (dual band) 1.3− 1.8(0.5 GHz)
2− 3.5(1.5,GHz)

18–20 −10

[21] DA MMIC 0.15 um HEMT(CRLH) 2 (dual band) 9− 10.5(1.5GHz)
11.8− 12.4(0.6 GHz)

10–12 −20

This work DA (without pre-amplifier) HEMT(CRLH) 2 (dual band) 2− 4(2 GHz)
5.5− 8(2.5 GHz)

13–15 –

This work DA (with pre-amplifier) HEMT(CRLH) 2 (dual band) 2− 4(2 GHz)
5.5− 8(2.5 GHz)

27–30 −11.3

Fig. 15. The variation of terms “A” and real( �������
B+ C

√ ) versus frequency using: (Solid
lines: Lm = 0, dotted lines: Lm = 0.2 nH).
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gain of the DAs or other active circuits which use the metamater-
ial TL. The proposed circuit exhibits 28.2 dB reverse gain with a
bandwidth of 2 GHz and 28.5 dB forward gain with a bandwidth
of 2.5 GHz.
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APPENDIX A.

Eq. (11) can be written in a general form as follows:

g =
�������
a+ jb

√
, (A.1)

The real and imaginary parts of (A.1) are obtained from (A.2a) and (A.2b).

<e(g) = a =
�������������������
a2 + b2

√√
× cos 0.5× tan−1 b

a

( )( )
, (A.2a)

Im(g) =
�������������������
a2 + b2

√√
× sin 0.5× tan−1 b

a

( )( )
. (A.2b)

According to (A.2a), α is minimized when

tan−1 b
a

( )
� p ⇔ 1) a � −1

2) b � 0 & a , 0,

{
(A.3a)

and α is maximized when

tan−1 b
a

( )
� 0 ⇔ 1) a � +1

2) b � 0 & a . 0

{
{
3) b � +1 & a , 0.

(A.3b)

By comparing (11) and (A.1), it can be concluded that:

a = <e A+
��������
B+ 4C

√( ) −�A andB are real

C is complex
a = A+ <e ��������

B+ 4C
√( )

b = Im A+
��������
B+ 4C

√( ) −�A andB are real

C is complex
b = Im

��������
B+ 4C

√( )
.

⎧⎪⎪⎨
⎪⎪⎩ (A.4)

Hence, (A.3a) and (A.3b) can be rewritten as follow:

amin ⇔ A+ <e ��������
B+ 4C

√
, 0 &

(1) A+ <e( ��������
B+ 4C

√ ) � −1
(2) or Im( ��������

B+ 4C
√ ) � 0

{
(A.5a)

amax ⇔ A+ <e ��������
B+ 4C

√
. 0

&
(1) A + <e( ��������

B+ 4C
√ ) � +1

(2) or Im( ��������
B+ 4C

√ ) � 0,

{
(A.5b)

(3) Im( ��������
B+ 4C

√ ) � +1 &A+ <e( ��������
B+ 4C

√ ) , 0.
{

(A.5c)

These equations can be used to design the proposed CRLH TL with the min-
imum attenuation coefficients at an arbitrary frequency band. Note that, to
simplify the analysis, “2” in (11) was removed because it has no effect on
the analysis.

APPENDIX B

Finding the corresponding frequencies to αmax

In the case where A+ <e( ��������
B+ 4C

√ ) � +1
Equation (A.5b) shows that the attenuation coefficients are maximized when
A+ <e( ��������

B+ 4C
√ ) � +1. As said previously, by using the conventional
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CRLH, A+ <e( ��������
B+ 4C

√ ) is always negative, but this situation is changed by
using the proposed CRLH TL. As shown in Fig. 15, the terms “A” and
<e( ��������

B+ 4C
√ ) are always negative and positive, respectively. Using the

proposed CRLH, “A” becomes positive, which can transform
A+ <e( ��������

B+ 4C
√ ) to a positive value, when

A+<e( ��������
B+ 4C

√ ) . 0 � A .

−<e( ��������
B+ 4C

√ ) ⇒ Great increment of a1,
(B.1a)

A−<e( ��������
B+ 4C

√ ) . 0 � A .

<e( ��������
B+ 4C

√ ) ⇒ Great increment of a2.
(B.1b)

From Fig. 15, Equation (B.1a) is satisfied at frequencies higher than ωα min 3 =
12.8 GHz, limiting the bandwidth. But (B.1b) cannot be satisfied, and α2 did
not show a peak at the pole frequency ωα min 3, as is cleared in Fig. 10.

In the case where Im
��������
B+ 4C

√ � +1
According to (A.5c), α is maximized when Im

��������
B+ 4C

√ � +1 and
A+ <e( ��������

B+ 4C
√ ) < 0. From Fig. 15, A+ <e( ��������

B+ 4C
√ ) < 0 is satisfied at

frequencies lower than ωα min 3 = 12.8 GHz. In addition, from (A.2b),
Im

�����������
Bnew + 4C

√
becomes large when sin (0.5 tan−1 (4C/Bnew)) approaches

one; therefore:

Im
��������
B+ 4C

√ � +1 ⇒ sin 0.5 tan−1 4C
Bnew

( )
� 1 ⇒ tan−1 4C

Bnew

� p. (B.2)

“Bnew” can be obtained from (B.3):

Bnew = ( j2v2LgC
′g) − jvLr + 1

jvCl

( )⎛
⎜⎜⎝

× 1

jvLm + 1
jvCr + (1/jvLl)

+ jvCgd

⎛
⎜⎜⎝

⎞
⎟⎟⎠
⎞
⎟⎟⎠

2

.

(B.3)

According to (B.3) and selected element values for the designed circuit, term
“Bnew” is a positive real value; thus, (B.2) is not satisfied and max (tan−1(4C/
Bnew)) is equal to ±π/2, which is established when Bnew = 0. Finally, by equating
term Bnew to zero, six frequencies are obtained, but only two of them are
acceptable, f1 = 4 GHz, f2 = 7 GHz, in which α is maximized, as is shown in
Fig. 10.

Bnew = 0 ⇒ v6(ClCrCgdLlLrlm − ClCrC
′
gLlLmLg )

− v4(ClCrLlLr + ClCgdL
′
lLr + CrCgdLllm − ClC

′
gLgL

′
l)

+ v2(ClLr + CrLl + CgdL
′
l) − 1 = 0,

(B.4)

where L
′
l = Lm + Ll .
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