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Abstract
In this paper, a co-design of a dual-band low-noise amplifier (DB-LNA) with a dual-band 
band-pass filter (DB-BPF) for a radio navigation aid (RNA) application was proposed. The 
novel development was that the DB-LNA was directly integrated with the DB-BPF instead 
of connecting the output matching network (OMN) of the DB-LNA to the 50 Ω-port of the 
DB-BPF. Thus, this DB-BPF had a double function, serving as the DB-BPF and also as the 
OMN. This architecture was called the co-design structure.  ZIN analysis was used to evalu-
ate the co-design network structure. In general, the design procedure was divided into four 
sections, including (1) DB-BPF, (2) DB-LNA, (3) Cascade DB-LNA and DB-BPF, and (4) 
Co-design DB-LNA and DB-BPF. The co-design method was applied in an RNA imple-
mentation at dual-band frequencies of 113 MHz and 332 MHz. Validation of the proposed 
structure is confirmed for its accuracy by simulating the impedance characteristic  ZIN, S 
parameter simulation, and measurement results. The key contributions of this paper were 
that: (1) The co-design structure could reduce the passive component by 31.5%, (2) the 
total size of the DB-LNA and DB-BPF using the co-design method was smaller than the 
cascaded method by 11.36%, (3) more light-weight in fabrication due to a smaller size, and 
(4) finally, the proposed LNA has a higher figure of merit than the other LNA.
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1 Introduction

In recent years, the radio wireless transceiver has had a great impact on modern society. 
The radio wireless transceiver includes important sub-systems, such as the antenna [1, 2] 
oscillator, mixer, power amplifier (PA), low noise amplifier (LNA) [3] and band-pass filter 
(BPF) [4]. For a single-band receiver, the design is relatively uncomplicated compared to 
the dual-band receiver architecture. Common receiver architectures include the heterodyne 
receiver, low intermediate frequency (IF) conversion, and direct conversion, where previ-
ous research has shown that their advantages and disadvantages [5, 6].

To improve the efficiency and support of the various types of communication equip-
ment, a dual-band wireless transceiver terminal is required [7], as shown in Fig. 1. Moreo-
ver, a dual band wireless receiver consists of a dual-band antenna (DB-Antenna), dual-
band oscillator (DB-Oscillator), dual-band mixer (DB-Mixer), dual-band LNA (DB-LNA), 
and dual-band BPF (DB-BPF). The DB-BPF and DB-LNA are important sub-systems of 
the dual-band receiver. There are several methods to produce the DB-BPF, such as the 
stepped impedance resonator (SIR) with short circuit terminated [8], parallel short-ended 
feed [9], net-type resonator [10], defected microstrip structure (DMS) [11], spiral resonator 
[12], self-feedback resonator [13], dual-transversal with multiple transmission zeros, com-
bined SIR-defected ground structure (DGS) resonator, pseudo-interdigital SIR [14], dual 
E-shaped resonator [15], defected SIR and microstrip SIR [16], reconfigurable and tunable 
BPF, and low temperature co-fired ceramic (LTCC) technology [17]. However, the main 
problems in the DB-BPF filter method are that: (1) It is difficult to manufacture/fabricate, 
(2) requires heat removal, (3) has unwanted coupling, (4) has a parasitic effect, (5) has a 
complex structure, (6) requires active components and power supply, (7) has high harmon-
ics, (8) involves filter package problems, and (9) it has a mono-function/stand-alone func-
tion (only as a DB-BPF).

Similar to the DB-BPF design method, methods to produce the DB-LNA include the 
wideband LNA by transformer [18], wideband LNA employing a cascaded complimen-
tary [19], and an inductorless wideband LNA [20]. Wideband LNA has several advantages, 
such as low power, high immunity to multipath fading, and potentially high data rates. Fur-
thermore, References [21, 22] proposed a reconfigurable LNA. However, the main prob-
lem in a reconfigurable LNA is that it requires good switching technology performance. 
This switch is commonly based on varactors, mechanical actuators, tunable materials, 

Fig. 1  The proposed co-design 
structure of DB-BPF as the out-
put matching of DB-LNA in the 
dual band wireless receiver

Author's personal copy
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microelectro-mechanicals (MEMS), and radio frequency (RF) switches. Moreover, Refer-
ences [23] proposed a concurrent LNA, where the concurrent method successfully created 
a dual-band/multi-band matching networks structure. This method has advantages such as 
good power efficiency, less passive components, low interferences, low noise, and high 
gains at two or more frequencies simultaneously. In the conventional dual-band receiver 
architecture, the DB-BPF is directly connected to the output port (IMN)/output matching 
networks (OMN) of the DB-LNA to achieve good frequency selectivity. Therefore, the 
DB-LNA and DB-BPF must be designed separately, which requires a lot of passive com-
ponents and results in large dimensions. Both the DB-BPF and DB-LNA have a mono-/
stand-alone function, respectively.

The co-design method has attracted the attention of many researchers, because this 
method enables a sub-system with multi-functions. For instance, Wu et  al. introduced a 
co-design dual-band filter-antenna [24]. Instead of using the traditional 50 Ω, their research 
proposed a dual-band monopole antenna with a dual-band pseudo-interdigital bandpass as 
matching networks. The results showed that the filter-antenna achieved a good filter and 
antenna performance. Zhang et  al. [25] combined filters and an oscillator to reduce the 
second and third harmonics. As a result, the co-design filters and oscillator significantly 
improved the quality of the signal and phase noise. Furthermore, References [26, 27] inves-
tigated the co-design of the DB LNA and the BPF. The BPF was used at both the IMN and 
the OMN. However, the circuit size was still large because the component reduction was 
not significant.

In this paper, a co-design structure of the DB-LNA and DB-BPF as the OMN for a dual-
band radio navigation aid (RNA) application is proposed, as shown in Fig. 1. Our novel 
development is that, in order to reduce the passive components, a co-design method is used 
by directly integrating the DB-LNA and DB-BPF without DB OMNs. Consequently, this 
DB-BPF has a double function, serving as the DB-BPF and as an OMN. To verify the 
co-design method, the DB-LNA and DB-BPF were simulated, fabricated, and measured 
accordingly. We used a center frequency at 113 MHz and 332 MHz, respectively, and a 
transistor 2N3583 with a DC Bias of  VCC = 12 V,  VCE = 2 V,  IC = 10 mA, and β = 110 was 
used, whilst the degenerative structure with  LE = 1 nH and  CBE = 3.9 pF was applied to the 
DC bias structure.

The design method was divided into four model as shown in Fig. 2, including the: 
(a) DB-BPF, (b) DB-LNA, (c) cascade DB-LNA and DB-BPF, and (d) co-design DB-
LNA and DB-BPF. The procedure followed in this paper could be detailed as follows. 
First, the DB-BPF was designed based on a lumped component, and the lower- and 
upper-band analysis were used to investigate the resonator circuit. Second, the DB-LNA 
with dual-band input/output matching circuit was constructed, and the matching circuit 
networks were designed under the principle of impedance conjugated matching. Third, 

Fig. 2  Proposed model of circuit design

Author's personal copy
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the DB-LNA was cascaded with the DB-BPF, which is a commonly used conventional 
method. Fourth, the co-design of the DB-LNA and DB-BPF was applied, where the out-
put port of the DB-LNA was directly connected/cascaded to the input port of the DB-
BFP, without the output matching networks of the DB-LNA. Therefore, the DB-BPF 
had a dual function, serving not only as a filter but also as an OMN circuit. Simulation 
and optimization of the proposed methods was performed using the Advance Design 
System (ADS) software.

2  Design Methods

2.1  DB‑BPF [Model‑1]

The first section involved the design of the BD-BPF based on a lumped element, as 
shown in Fig. 3. This lumped element was based on the Butterworth filter model, refer 
to the design in Ref. [28]. The components  CA1,  CA4, and  CA5 are the coupling capaci-
tor, and  LA1 is the coupling inductor. Furthermore, the upper-line indicates the lower-
band circuit and the lower-line shows the upper-band circuit.

The first step of the DB-BPF design was to set the lower passband frequency (ωLB). 
The component value for the element at the lower passband frequency was defined by 
the resonators  LA2 and  CA2 or  LA3 and  CA3 at the related frequency resonance were 
given by [28]:

(1)�LB =
1

2

√
LA2CA2

=
1

2

√
LA3CA3

Fig. 3  DB-BPF based a on 
lumped element, as in Ref [28]
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where the value of  LA2 = LA3 and  CA2 = CA3, and ωC is the resonant frequency. The second 
band could be tuned by the parametric iteration of  LA6 and  CA4 or  LA6 and  CA7, and the 
center frequency of the upper band resonant (ωUB) were given by [28];

The upper-band resonant (ωUB) could be adjusted without affecting the lower band. 
Therefore, the lower-band and upper-band schematics are shown in Fig. 4a, b, respectively.

Figure 4a illustrates that the coupling inductor at the lower-band circuit was generated 
by  LA1. The upper-band shown in Fig. 4b, the  LA1 served not only as a coupling, but it also 
produced the second-band by cooperating with  LA2,  LA3, and  LA5.

2.2  DB‑LNA [Model‑2]

As proposed, the second section provides a brief on the DB-LNA design. The proposed 
DB-LNA was constructed using the direct current (DC) bias structure and a DB IMN/
OMN, as shown in Fig. 5. In this study, a transistor 2N3583 with a DC Bias of  VCC = 12 V, 
 VCE = 2  V, and  IC = 10  mA was used, it also added components of the radio frequency 
choke (RFC) for blocking the DC. The DB-LNA had an emitter degenerative structure with 
 LE1 = 1 nH and  CBE1 = 3.9 pF, as shown in Fig. 5.

The inductor  (LE1) and capacitor  (CBE1) have function to reduce the noise value and 
maintain stability of the circuit at a value of K > 1. Furthermore, this DB-LNA had a 

(2)
�UB =

1

2

√
CA6 +

CA4

1+(�LBZoCA4)
2
(

LA4(2LA5−0.27LA2)
LA4+2LA5−0.27LA2

)

Fig. 4  a Lower-band and b Upper-band of the DB-BPF schematic, as described in Ref. [28]

Fig. 5  The proposed DB-LNA with a DB-IMN and DB-OMN
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DB IMN as shown in Fig. 6. The DB IMN with the specific circuit included a  LB2CB3 
series resonating circuit cascaded with a  LB1CB2 shunt resonating as depicted in Fig. 6. 
This DB IMN was constructed under the principle of impedance conjugated matching.

The matching circuit networks could resonate at two different frequencies simultane-
ously. This condition could be shown by plotting the impedance characteristics of the 
LC shunt of  LB1 and  CB2, as shown in Fig. 7.

Figure  7 shows the impedance characteristics of the imaginary-part of the  LB1CB2 
shunt. For the  LB1CB2 shunt at the IMN at a low frequency of 113 MHz, its impedance 
becomes more inductive, thus it is equivalent to an inductance  LA as shown in Fig. 8a. 
Then, at a high frequency of 332 MHz, its impedance circuit appears capacitive, so it is 
equivalent to a capacitance  CA as shown in Fig. 8b. Furthermore, the Eqs.  (2) and (3) 
can determine the frequency resonant.

Based on Fig.  8a, b, IMNs could resonate at two frequencies of  f1 = 113 MHz and 
 f2 = 332  MHz when the component values of  CB1,  LB2,  CB3,  LA, and  CA are properly 
chosen according to the following equations

Fig. 6  The output port IMN of 
the DB-LNA

Fig. 7  ZIN impedance characteristics of the imaginary-part of the LC shunt of  LB1 and  CB2

Fig. 8  a Equivalent circuit of the IMN of the DB-LNA at the resonant condition at 113 MHz, b 332 MHz
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The small signal equivalent circuit of the DB-LNA and the IMN circuit are shown in Fig. 9. 
At the small signal analysis, the transistor consists of  g1,  CBE1, and  LE1 as the transconduct-
ance, coupling capacitor, and degenerative structure, respectively. Meanwhile the DB-IMN 
consists of  CBE1,  CBE2,  CBE3,  LB1, and  LB1.

An input impedance  ZIN is given by

At the matching condition, the conjugate complex source impedance  (ZS*) must equal the 
load impedance  (ZIN), so that maximum power transfer can be obtained. The matching  ZIN 
and  S11 are given by:

With jω = s at resonant frequency (ω0), the Eq. (8) could be simplified as

(3)f
1
=

1

2�

√
CB1 + CB3(

LB2 + CA

)(
CB1CB3

)

(4)f
2
=

1

2�

√
CACB3 + CB1CB3 + CB1CA

LB2
(
CB1CACB3

)

(5)ZIN =
1

j�CB1

+
1 − �

2CB2LB1

j�LB1
+ j�LB2 +

1

j�CB3

+
LE

CBE1

gm1

(6)ZIN = Z∗

S
=

LE1

CBE1

gm1 = 50Ω

(7)S
11

=
ZIN − ZS

ZIN + ZS

(8)

S
11

=

(
1

j�CB1

+
1−�2CB2LB1

j�LB1
+ j�LB2 +

1

j�CB3

+
LE1

CBE1

gm1

)
−

(
LE1

CBE1

gm1

)

(
1

j�C1

+
1−�2C2L1

j�L1
+ j�L

2
+

1

j�C3

+
LE

CBE

gm

)
+

(
LE

CBE

gm

)

=

1

j�CB1

+
1−�2C2LB1

j�LB1
+ j�LB2 +

1

j�CB3

1

j�CB1

+
1−�2CB2LB1

j�LB1
+ j�LB2 +

1

j�CB3

+ 2
LE1

CBE1

gm1

(9)S
11

=
As2 − �B + C + D + E

As2 + 100sF − �B + C + D + E

Fig. 9  The small signal equiva-
lent circuit and the DB-IMN of 
the DB-LNA
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where

the stability factor (K) of this DB-LNA is given by [27]:

where  S21 is the gain and  S22 is the output reflection coefficient.

2.3  Cascade Structure DB‑LNA and DB‑BPF [Model‑3]

This section discusses a cascaded structure of the DB-LNA and DB-BPF as illustrated in 
Fig. 10. A cascaded structure of the DB-LNA and DB-BPF was constructed using the dual-
band IMN/OMN, DC bias, and DB-BPF. The dual-band OMN was directly connected/cas-
caded to the input port of the DB-BFP.

2.4  Co‑design Structure of the DB‑LNA and DB‑BPF [Model‑4]

This section discusses the co-design structure of the DB-LNA and DB-BPF. The DB-LNA 
was directly integrated with the DB-BPF, instead of connecting the OMN to the 50 Ω-port 
of the DB-BPF. Therefore, this DB-BPF had a double function, working not only as the 
DB-BPF but also as the OMN. In this study,  ZIN analysis was used to evaluate the co-
design network structure. The process details of the co-design methods are described as 
follows:

(1) Draw the full circuit of the DB-OMN and DB-BPF, and then separate them into the 
lower-band and upper band parts, such as the lower-band OMN, lower-band DB-BPF, 

(10)

A = LB1LB2CB1CB3

B = LB1CB1CB2CB3

C = LB1CB3

D = CB1LB1

E = CB1CB3

(11)K =

(
1 + ||S11S22 − S

12
S
21
||
2
− ||S11||

2
− ||S22||

2
)

(
2 ∗ ||S12S21||

)

Fig. 10  The proposed cascade structure of the DB-LNA and DB-BPF

Author's personal copy



Co-design Structure of Dual-Band LNA and Dual-Band BPF for Radio…

1 3

upper-band OMN, and upper-band DB-BPF. Figure 11 illustrates the full circuit of the 
DB-OMN and DB-BPF.

(2) Determine the impedance characteristic at the lower-band and upper-band conditions, 
as shown in Fig. 12a. In particular, Fig. 12a shows the impedance characteristic of 
the imaginary-part of the  LD4CD6 shunt of the DB-OMN. At the low frequency of 

Fig. 11  The full circuit of the DB-OMN and DB-BPF

Fig. 12  a The impedance characteristic of the imaginary-part of the  LD4CD6 shunt of the DB-OMN, b 
Equivalent DB-OMN circuit at the lower band, c Equivalent DB-OMN circuit at the upper band
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113 MHz, its impedance becomes more inductive with positive imaginary impedance, 
so it is equivalent to the inductance  LD as shown in Fig. 12b. Then, at a high frequency 
of 332 MHz, its impedance circuit appears capacitive with negative imaginary imped-
ance, so it is equivalent to the capacitance  CD as shown in Fig. 12c.

(3) At the resonant condition, to ensure that the co-design is operating, the value of the 
 ZIN-OMN must be equal to the  ZIN-DB-BPF value, at both the lower-band and upper-band 
simultaneously, as shown in Figs. 13 and 14. The  ZIN-OMN-LB,  ZIN-OMN-UB,  ZIN-DB-BFB 
refer to the  ZIN of the OMN at the lower band,  ZIN of the OMN at the upper-band, and 
 ZIN of the DB-BPF, respectively.

  As shown in Fig. 13, at the low-band resonant condition, the  ZIN of the OMN at the 
lower band  (ZIN-OMN-LB) network is given by:

  Moreover, at the low-band resonant condition, the value of  ZIN-OMN-LB must be equal 
to the  ZIN-DB-BPF value. In other words, the resonator  (ZLB) can be given by:

(12)Z
1
=

1

j�CD5

+ j�LD3 + j�LD +
1

j�CD7

+ ZL

(13)
ZIN−OMN−LB =

(
1

Z
1

+ j�CD4

)−1

=
CD7 − �

2LD3CD5CD7 + CD5 + j�CD5CD7ZL

j�CD4

(
CD7 − �

2LD3CD5CD7 + CD5 + j�CD5CD7ZL
)
+ j�CD5CD7

Fig. 13  The circuit of the OMN and DB-BPF at the lower-band resonant condition

Fig. 14  The circuit of the OMN and DB-BPF at the upper-band resonant condition
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  The value of the impedance characteristic of the  LD4CD6 shunt of the DB-OMN at 
a frequency of 332 MHz is more capacitive, so it is equivalent to the capacitance  CD. 
The impedance  Z2 is given by:

  As shown in Fig. 14, at the upper-band resonant condition, the  ZIN of the OMN at 
the upper-band  (ZIN-OMN-UB) network is given by:

  Moreover, at the upper-band resonant condition, the value of  ZIN-OMN-UB must be 
equal to the  ZIN-DB-BPF value. In other words, the resonator  (ZUB) can be given by

(4) To verify the co-design method, Fig. 15a–d show the comparisons of the simulation 
results of the impedance characteristic, split according to the real and imaginary-part 
of the DB-OMN and DB-BPF at the lower-band frequency of 113 MHz and the upper-
band frequency of 332 MHz. The results showed that the values of the impedance 
characteristic were equal at the resonance frequencies.

(5) Moreover, Fig. 16a, b exhibit the comparisons of the input reflection coefficient  (S11) 
of the DB-OMN and DB-BPF. These findings also supported the condition that the 
DB-BPF has a double function, working not only as the DB-BPF but also as the OMN.

(6) Finally, Fig. 17 presents a circuit with the co-design structure of the DB-LNA and 
DB-BPF.

To compare the DB-LNA design method, the calculation of figure of merit (FoM) is used, 
where FoM is given by;

(14)
ZLB =

CD7 − �
2LD3CD5CD7 + CD5 + j�CD5CD7ZL

j�CD4

(
CD7 − �

2LD3CD5CD7 + CD5 + j�CD5CD7ZL
)
+ j�CD5CD7

−
CD12 + CD11 + j�CD11CD12ZL

j�CD11CD12

(15)Z
2
=

1

j�CD5

+ j�LD3 +
1

j�CD5

+
1

j�CD7

+ ZL

(16)
ZIN−OMN−UB =

(
1

ZIN2
+ j�CD4

)−1

=
CDCD7 − �

2LD3CD5CDCD7 + CD5CD5 + j�CD5CD7ZL

j�CD4

(
CDCD7 − �

2LD3CD5CDCD7 + CD5CD5 + j�CD5CD7ZL
)
+ j�CD5CDCD7

(17)
ZUB =

CDCD7 − �
2LD3CD5CDCD7 + CD5CD5 + j�CD5CD7ZL

j�CD4

(
CDCD7 − �

2LD3CD5CDCD7 + CD5CD5 + j�CD5CD7ZL
)
+ j�CD5CDCD7

−
CD12 + CD11 + j�CD11CD12ZL

j�CD11CD12

(18)FoM
[
mW−1

]
=

Gain[abs]

(NF − 1)[abs] ⋅ PDC[mW]
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3  Design Implementation

In this section, DB-BPF and DB-BPF for RNA application at a dual-band frequency of 
113 MHz and 332 MHz was simulated, fabricated, and measured. The implementation 
of this design was divided into four parts including: (1) DB-BPF, (2) DB-LNA, (3) Cas-
cade DB-LNA and DB-BPF, and (4) Co-design DB-LNA and DB-BPF.

Fig. 15  The comparison of the impedance characteristic between the DB-OMN and DB-BPF, a Real-part 
at a frequency of 113 MHz, b Imaginary-part at a frequency of 113 MHz, c Real-part at a frequency of 
332 MHz, d Imaginary-part at a frequency of 332 MHz

Fig. 16  The comparison of a  S11 (dB) and b  S21 (dB) of the DB-OMN and DB-BPF
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3.1  DB‑BPF [Model‑1]

Figure 3 illustrates the final DB-BPF based on the lumped element. The numerical itera-
tion and the dependency of  S21 and  S11 on the varied  LA4 and  CA3 are given clearly in 
Fig. 18a, b. The figures show that by increasing  LA4 and  CA3, the lower center frequencies 
would be stable. However, increasing the  LA4 and  CA3 would slightly raise the fractional 
bandwidth (FBW). Furthermore, the variation of  L4 and  C3 would change the transmission 
zeros  (TZ) of this filter.

After optimization of the filter structure, the value of the circuit became  LA1 = 0.5 nH, 
 LA2 = LA3 = 19.45 nH,  LA4 = LA6 = 68 nH,  LA5 = 11.85 nH,  CA1 = 20 pF,  CA2 = CA3 = 19.45 
pF,  CA4 = CA5 = 200 pF, and  CA6 = CA7 = 26.2 pF. The final result of the DB-BPF response 
is shown in Fig. 19.

Figure  19 shows the value of the  S21 (dB) and  S11 (dB) of the DB-BPF. Moreover, 
the bandwidth (BW) of the DB-BPF was given at the value of  S21 (dB) = − 3 dB. At the 

Fig. 17  Co-design structure of the DB-LNA and DB-BPF

Fig. 18  The simulation of a  S21 (dB) and b  S11 (dB) with varied  LA4 and  CA3

Author's personal copy



 G. Wibisono et al.

1 3

lower-band with a frequency center of 113  MHz, the DB-BPF was  S21 = − 0.336  dB, 
 S11 = − 42.78  dB, and BW = 61  MHz. Furthermore, at the upper-band, with a fre-
quency center of 332  MHz, the DB-BPF was  S21 = − 0.265  dB,  S11 = − 44.85  dB, and 
BW = 47 MHz. Furthermore, the transmission zeros  (TZ) of the DB-BPF was − 52.28 dB 
at 275 MHz.

3.2  DB‑LNA [Model‑2]

Figure 5 shows the proposed DB-LNA. The dependency of the  S11 response on the var-
ied  LB1 and  CB2 is shown in Fig. 20. The figure shows that by increasing the  LB1, the low 
center frequency was still stable, but at an upper frequency, this changed significantly. It 

Fig. 19  The value of the  S21 (dB) and  S11 (dB) response of the DB-BPF

Fig. 20  S11 response with varied  LB1 and  CB2
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also showed that at  LB1 = 140 nH and  CB2 = 4 pF, the upper frequency was resonated at 
400 MHz.

After optimization of the DB-LNA, the value of the circuit became  LB1 = 140 nH, 
 LB2 = 220 nH,  LB3 = 250 nH,  LB4 = 130 nH,  CB1 = 130 pF,  CB2 = 3 pF,  CB3 = 6 pF,  CB4 = 5 
pF,  CB5 = 6 pF,  CB6 = 3 pF, and  CB7 = 100 pF. The transistor 2N3583 with a DC Bias of 
 VCC = 12 V,  VCE = 2 V,  IC = 10 mA, and β = 110 was used, with  LE1 = 1 nH and  CBE1 = 3.9 
pF. The performance of the DB LNA characterized by  S11 (dB), gain  S21 (dB), noise figure 
(nf), and the stability factor (K) is shown in Fig. 20. Figure 20 shows that the results of the 
DB-LNA characterized by  S11,  S21, nf, K were − 39.3 dB, 24.11 dB, 1.28 dB, 1.15, respec-
tively, at 113 MHz, and − 41.84 dB, 18.19 dB, 1.25 dB, 1.17, respectively, at 332 MHz. 
Figure 21 also shows that the minimum value of nf and  S11 appears at the resonance fre-
quency. Furthermore, the value of K had an increasing trend. This data indicated that the 
DB-LNA had very good stability performance.

3.3  Cascade Structure DB‑LNA and DB‑BPF [Model‑3]

This section discusses the cascade structure of the DB-LNA and DB-BPF as illustrated 
in Fig. 10. A cascade structure of the DB-LNA and DB-BPF was constructed using the 
dual-band IMN/OMN, DC bias, and DB-LNA. The DB-OMN was directly connected/cas-
caded to the input port of the DB-BFP. After the numerical optimization of the DB-LNA, 
the values of the circuit became  LC1 = 140 nH,  LC2 = 220 nH,  LC3 = 250 nH,  LC4 = 130 
nH,  LC5 = 0.5 nH,  LC6 = LC7 = 19.45 nH,  LC8 = LC10 = 68 nH,  LC9 = 11.85 nH,  CC1 = 130 
pF,  CC2 = 3 pF,  CC3 = 6 pF,  CC4 = 5 pF,  CC5 = 6 pF,  CC6 = 3 pF,  CC7 = 100 pF,  CC8 = 20 pF, 
 CC9 = CC10 = 19.45 pF,  CC11 = CC12 = 200 pF, and  CC13 = CC14 = 26.2 pF. The transistor 
2N3583 with a DC Bias of  VCC = 12 V,  VCE = 2 V,  IC = 10 mA, and β = 110 was used, with 
 LE1 = 1 nH and  CBE1 = 3.9 pF.

Given that both the output port of the DB-LNA and the input port of the DB-BPF had 
impedance of 50 Ω, the port could be directly connected. The performance of the cascaded 
DB-LNA and DB-BPF was characterized by  S11 (dB),  S21 (dB), nf, and K, are shown in 
Fig. 22. The results of the DB-LNA shown by  S11,  S21, nf, K were − 39.3 dB, 24.11 dB, 

Fig. 21  The simulation results of the  S11 (dB), gain  S21 (dB), nf, and K of the DB-LNA
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1.28 dB, 1.14, respectively, at 113 MHz, and − 41.84 dB, 18.11 dB, 1.25 dB, 1.36, respec-
tively, at 332 MHz. Figure 22 also shows that the minimum value of the nf and  S11 were at 
the resonance frequency. Furthermore, the value of K had an increasing trend. This indi-
cated that the LNA had good stability.

3.4  Co‑design Structure DB‑LNA and DB‑BPF [Model‑4]

The co-design structure of the DB-LNA and DB-BPF is shown in Fig. 17. The DB-BPF 
had a double function, serving not only as the DB-BPF but also as the OMN. After the 
numerical iteration of the co-design structure of the DB-LNA and DB-BPF, the values 
of the circuit became  LD1 = 140 nH,  LD2 = 220 nH,  LD5 = 0.5 nH,  LD6 = LD7 = 19.45 nH, 
 LD8 = LD10 = 68 nH,  LD9 = 11.85 nH,  CD1 = 130 pF,  CD2 = 3 pF,  CD3 = 6 pF,  CD8 = 20 pF, 
 CD9 = CD10 = 19.45 pF,  CD11 = CD12 = 200 pF, and  CD13 = CD14 = 26.2 pF. The transis-
tor 2N3583 with a DC Bias of  VCC = 12 V,  VCE = 2 V,  IC = 10 mA, and β = 110 was used, 
with  LE1 = 1 nH and  CBE1 = 3.9 pF. The results of the co-design DB-LNA and DB-BPF are 
shown in Fig. 23.

The results of the DB-LNA shown by  S11,  S21, nf, K were − 25.12  dB, 24.11  dB, 
1.28 dB, 1.15, respectively, at 113 MHz, and − 30.22 dB, 17.21 dB, 1.25 dB, 1.17, respec-
tively, at 332 MHz. Figure 22 also shows that the minimum value of nf and  S11 was at the 
resonance frequency. Furthermore, the value of K had an increasing trend. The high stabil-
ity factor indicated that the LNA would be stable working at higher frequencies and would 
not oscillate.

4  Result and Discussion

To validate the design, the proposed circuit was fabricated on a printed circuit board 
(PCB) with a double-layer FR4 substrate, with a constant dielectric (εr) that was 4.3 and 
1.6  mm thick. The type of transmission line used was grounded with a coplanar struc-
ture. Figure 24 shows the prototypes of the: (a) DB-BPF, (b) DB-LNA, (c) Co-design DB-
LNA, and DB-BPF. The DB-BPF occupied 3.8 × 2.1  cm or 7.98  cm2, and the DB-LNA 

Fig. 22  The simulation result of the  S11 (dB), gain  S21 (dB), nf, and K of the cascade structure DB-LNA 
and DB-BPF
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occupied 3.7 × 2.1 cm or 7.77 cm2. Consequently, the total size of the cascade DB-LNA 
and DB-BPF was 15.75  cm2. Furthermore, the total size of the co-design DB-LNA and 
DB-BPF was 4.5 × 3.1 cm or 13.95 cm2. Figure 25a, b show the  S11 and  S21 performances 

Fig. 23  The simulation result of the  S11 (dB), gain  S21 (dB), nf, and K of the co-design structure of the DB-
LNA and DB-BPF

Fig. 24  Fabricated a DB-BPF [Model-1], b DB-LNA [Model-2], c Co-design DB-LNA and DB-
BPF[Model-4]

Fig. 25  The  S11 and  S21 performance results of the measured a Cascade DB-LNA and DB-BPF, b Co-
design DB-LNA and DB-BPF
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of the measured cascade DB LNA and DB BPF and the co-design DB LNA and DB BPF, 
respectively. 

The validity of the proposed method was confirmed by the good agreement between 
the results of the simulation and measurement at a frequency of 113 MHz and 332 MHz, 
as shown in Fig. 26. The results of the cascaded DB-LNA and DB-BPF reflected by  S21, 
nf, K, BW were 24.11 dB, 1.24 dB, 1.14, 23 MHz, respectively at 113 MHz, and 18.11 dB, 
1.25 dB, 1.36, 11 MHz, respectively at 332 MHz. Moreover, the results of the LNA-Fil-
ter with the co-design DB-LNA and DB-BPF reflected by  S21, nf, K, BW were 24.11 dB, 
1.28 dB, 1.15, 20 MHz, respectively, at 113 MHz, and 17.21 dB, 1.25 dB, 1.77, 22 MHz, 
respectively, at 332 MHz. These results showed that the co-design and cascade structures 
had nearly the same performance; however, the co-design structure had the advantage of 
reducing the number of passive components, along with being of a smaller size.

Table 1 shows the comparison results of the cascade and co-design DB LNA and DB 
BPF. The contributions of this paper included showing that: (1) the co-design method 
reduced the passive components by 31.5%, (2) the size of the DB-LNA and DB-BPF using 

Fig. 26  Comparison between the simulated and measured a gain and b reflection coefficients

Table 1  Comparison of the results of the cascade method and the co-design method

*Simulated result

Parameters Cascade DB-LNA and DB-BPF Co-design DB-LNA and DB-BPF

f1 = 113 MHz f2 = 332 MHz f1 = 113 MHz f2 = 332 MHz

Sim Meas Sim Meas Sim Meas Sim Meas

Gain (dB) 24.11 18.31 18.11 7.85 24.11 16.08 17.21 8.19
Bandwidth − 3 dB (MHz) 23 26 11 15 20 30 22 30
Noise figure (dB) 1.24 1.24* 1.25 1.25* 1.28 1.28* 1.25 1.28*
Stability factor (K) 1.14 1.14* 1.36 1.36* 1.15 1.15* 1.77 1.15*
VCC (V) 12 12
Power (mW) 20 20
Output passive component (Output 

matching network and DB-BPF)
19 13 component reduction (31.5%)

Total circuit size  (cm2) 15.75 cm2 13.96 cm2 size reduction 
(11.36%)
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the co-design method size was smaller than the cascaded method by 11.36%, and (3) it 
was more light-weight in implementation. The validity of this method was evidenced by 
the good agreement between the simulated and measured results. Finally, it is shown from 
Table  2 that the FoM of the proposed DB-LNA design methods are higher than that of 
another LNA.

5  Conclusions

A co-design of the DB-LNA with DB-BPF as the output matching network (OMN) was 
proposed. To reduce the circuit components, the DB-LNA was directly integrated with the 
DB-BPF, instead connecting the OMN of the DB-LNA to the 50 Ω-port of the DB-BPF. 
Consequently, this DB-BPF had a double function, working not only as the DB-BPF but 
also as the OMN. This proposed method was applied to an RNA communication. Further-
more, the validity of the proposed method was confirmed by good agreement between the 
simulation and measurement results at frequencies of 113 MHz and 332 MHz.
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Table 2  Performance comparison 
on figure of merit (FoM)

*Simulated result

Ref. Single/
dual 
band

Gain (dB) nf (dB) Power (mW) FoM

Cascade DB-
LNA and 
DB-BPF 
[Proposed]

f1 18.31 1.24* 20.00 3.81
f2 7.85 1.25* 20.00 1.57

Co-design 
DB-LNA 
and DB-BPF 
[Proposed]

f1 16.08 1.28* 20.00 2.87
f2 8.19 1.25* 20.00 1.64

[19] f 10.70 5.60 12.10 0.19
[21] f 21.20 2.50 7.20 1.96
[22] f 18.00 8.50 40.00 0.06
[23] f 21.00 2.00 7.05 2.98
[27] f1 18.00 1.98 10.00 1.84

f2 15.20 1.95 10.00 1.60
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