
HAL Id: hal-02124862
https://hal.science/hal-02124862

Preprint submitted on 10 May 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Analysis, design and implementation of a hybrid
three-port switchable power splitter (SPWS) on Kapton

flexible substrate
B. Ravelo, B Mirkhaydarov, G P Rigas, M Shkunov, S Swaisaenyakorn, P R

Young, C C H Ng

To cite this version:
B. Ravelo, B Mirkhaydarov, G P Rigas, M Shkunov, S Swaisaenyakorn, et al.. Analysis, design and
implementation of a hybrid three-port switchable power splitter (SPWS) on Kapton flexible substrate.
2019. �hal-02124862�

https://hal.science/hal-02124862
https://hal.archives-ouvertes.fr


White Paper - 2018 

Page 1 by 22 

 

Analysis, design and implementation of a hybrid three-port switchable 

power splitter (SPWS) on Kapton flexible substrate 

 

B. Ravelo1, B. Mirkhaydarov2, G. P. Rigas2,3, M. Shkunov2,  

S. Swaisaenyakorn4, P. R. Young4 and C. C. H. Ng4 

 

1 Normandy University UNIROUEN, ESIGELEC, IRSEEM EA 4353,  

F-7600 Rouen, France 

2 Advanced Technology Institute, Electronic Engineering, University of Surrey,  

Guildford, Surrey, GU2 7XH, UK 

3 National Physical Laboratory (NPL), Teddington, Middlesex, TW110LW, UK 

4 School of Engineering and Digital Arts, Jennison Building, University of Kent,  

Canterbury, Kent, CT2 7NT, UK 

E-mail: blaise.ravelo@esigelec.fr 

 

 

Abstract: A topology of switchable power splitter (SPWS) ink-jet printed on flexible Kapton 

substrate is developed in this paper. The SPWS circuit diagram integrating a Tee PWS is 

described based on the synoptic approach. The complete theoretical formulations of the SPWS 

reflection and transmission coefficients were established. The analytical expressions enabling to 

assess the Tee-PWS elementary output lines for the SPWS input matching are elaborated. To 

validate the relevance of the proposed SPWS, a proof of concept was synthesized, designed and 

implemented in microstrip hybrid technology by using the packaged switch biased with 3.3 V DC 

supply. The fabricated circuit was directly ink-jet printed on a low cost flexible Kapton® 

polyimide film, using a Dimatix DMP-2831 materials printer. Then, comparisons between the 

experimental and electromagnetic and circuit co-simulated S-parameters from the SPWS 

prototype were performed. The measured SPWS performance to operate in the IEEE standard 

802.11a bands from 5.4–5.7 GHz was presented. The SPWS presents overall insertion losses of 

about -5.5 dB and -13 dB respectively for the switches on- and off-state. Furthermore, the input 

and output return losses are respectively with average value of about -11 dB in the expected 

operation frequency band. 
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I. INTRODUCTION 

 

The printed flexible electronics constitute an emerging class of technology with potential 

application for microwave components [1-3]. The flexible technology offers a best tradeoff for 

the design of low cost ubiquitous electronic circuits [2]. In addition, the trend of the flexible 

electronic applications is well adapted to the needs of the ubiquitous electronic design. Among 

the notable spectacular growth, one can cite the explosion of the flexible technology driven by 

the demand of the wearable wireless body area network (WBAN) systems [4]. As reported in 

Figure 1 [1], the printed flexible electronics market is forecasted with an exponential growth in 

the next decade.  

 

Fig. 1. Forecast on the printed & flexible electronics market [1]. 

Recent advances in soluble materials offer the possibility to fully print Light Emitting Diodes 

(LEDs), Field Effect Transistors (FETs), antennas and sensors on a variety of flexible substrates 

[5][6], opening the route for the realization of a plethora of new concepts such as remote medical 
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healthcare and the internet of things [7]. Direct inkjet printing of functionalized inks holds most 

of the promise for this new class of devices due to its potentials as a low cost alternative to the 

conventional techniques. Fast prototyping, design flexibility and large area production are some 

of its most notable advantages [8]. For the illustration, the photograph of the flexible microwave 

circuit layout investigated in this paper is presented in Figure 2. 

 

 

Fig. 2. Layout of the microwave circuit ink-jet printed on flexible plastic substrate under study. 

 

Recently, prototypes of temperature sensors printed on flexible substrate were implemented [9]. 

In addition, complex active matrix circuits using printed organic field effect transistors were 

implemented on flexible substrate [10]. In the future, this emerging technology can be envisaged 

for the fabrication of more competitive printed electronic systems. Among the expected 

applications, one can envision the design of RF/microwave components for the wireless indoor 

communication system as Bluetooth, Wi-Fi and RFID. An example of antennas on flexible low-

cost conducted inkjet-printed on paper-based substrates was proposed in [11] for RFID and WSN 

applications. A direct write printed antenna for the WLAN application was also designed in [12]. 

More recently, the feasibility of the CPW monopole [13] and dipole [14] antenna designs for the 

60GHz ISM band was suggested. Furthermore, design of various topologies of classical antennas 

notably for the dual band operation was proposed in [15-17].  

More importantly, contrary to the classical rigid planar circuit, the flexible technology offers 

original concepts of microwave design on plastic bendable substrates. For example, this 

flexibility was exploited for optimizing the directivity of the array antenna as an innovative 
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switched beam forming method introduced in [18]. However, for this configuration, the passive 

front-end circuit can present unexpected insertion losses as the case of the reconfigurable 

orthogonal antenna system in [19]. In upstream of the antenna, multiple way power distribution 

devices as the power splitters (PWSs) [20-22] can be used. So far, few investigations were 

performed on the design and implementation of the flexible microwave circuits as the PWS.  

Thanks to the flexibility, an original complete theory and experimental investigation of a 

switchable PWS (SPWS) is investigated in this paper. This research work is the expansion of the 

results published in [23]. The SPWS microwave circuit proof of concept (POC) design and 

implementation on flexible Kapton substrate will be described. In addition to the results 

presented in [23], the analytical theory will be established in Section II. Then, discussions of 

simulated and experimental results will be presented in Section III. The conclusion of the paper 

will be drawn in Section IV. 

 

 

 

II. ANALYTICAL INVESTIGATION ON THE PROPOSED THREE PORT 

SPWS 

 

The SPWS topology under study is assumed as a multi-way microwave network with 1-port 

input and 4-port output terminals. It acts as an electrical single-input multiple-output (SIMO) 

system. To operate as PWS, the pair of outputs can be selected alternatively with binary control 

voltages VCTL sets to logic state “1” or “0” respectively corresponding to V0 and GND. After the 

description of the topology, analytical investigation enabling to determine the SPWS reflection 

and transmission coefficients will be developed. 

 

A. Topological Concept of the Proposed Flexible SPWS 

 

The proposed SPWS topology can be assumed as a tree port microwave circuit. The two of five 

ports are in off-state in normal operation. As introduced in [23], the proposed SPWS will be 

designed in planar technology as shown in top of Figure 3.  
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Fig. 3. Configuration of the SPWS structure (top: planar design; bottom: perspective view). 

 

In practice, 1-port input and 2-ports output way PWS can be used to design this SPWS 

topology. The SPWS input (Port ) is placed at the center of the structure and the outputs (Port 

-) are set symmetrically in the four different directions. Then, the 3D configuration can be 

established from planar design. An example of perspective view is introduced in bottom of Figure 

3. Thanks to the flexibility property, the planar circuit can be envisaged to be folded to realize 

this 3D concept. 

 

As depicted in Figure 4, the SPWS topology is essentially composed of Tee-PWS whose output 

branches are terminated by the two switches. To select alternatively the targeted output, two 

switches will be integrated between each output branches of the PWS. Figure 4 represents the 

SPWS synoptic diagram.  
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Fig. 4. Configuration of the SPWS structure (top: planar design; bottom: perspective view) and 

(b) synoptic diagram of the SPWS topology under study. 

 

Similar to all classical RF/microwave devices, the proposed SPWS circuit is intended to 

operate with the standard reference load impedance Z0=50Ω. As expressed in Figure 2(b), in the 

normal functioning, the input signal is injected at port . Then, it will be in turn subdivided into 

output signals terminated by ports , ,  and . The two switches are fed by the control and 

also bias voltages VCTL1 or alternatively VCTL2. These control supply can be attributed to 0V in 

“off-state” (logic state “0”) or V0 in “on-state” (logic state “1”). To choose the configurations 

depend on the combination of the activated control voltages VCTL1 and VCTL2. As illustrated in 

Table I, Switch1 and Switch2 are expected to operate in two alternative configurations of: 

 

❑ Status A represented by “➔” means that the signal inputted from  is splitted 

simultaneously into Outputs  and , 

❑ Status B represented by “➔” means that the signal inputted from  is splitted 

simultaneously into Outputs  and .  
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The truth table illustrating the operation principle of the SPWS is addressed in Table I. The “on-

state” corresponds to the feeding DC voltage V0. Thus, inversely, if the control voltage VCTL=0 

and if the switch is in “off-state”. Therefore, in the ideal case, the transmission parameters 

corresponding to the off-state output port are ideally zero.  

 

TABLE I 

TRUTH TABLE OF THE SPWS SHOWN IN FIG. 1 

SPWS status Switch1 Switch2 
Ideal transmission 

parameters 

STATUS A VCTL1=V0, VCTL2=0 VCTL1=0, VCTL2=V0 
S31=0 

S51=0 

STATUS B VCTL1=0, VCTL2=V0 VCTL1=V0, VCTL2=0 
S21=0 

S41=0 

 

 

In practice, the Tee of the SPWS must be constituted by realistic microstrip transmission lines 

(TLs). Based on the microwave and TL theory, the S-parameter expressions of the elementary TL 

can be expressed naturally knowing their physical parameters. By this way the theoretical 

approach enabling to establish the SPWS S-parameters will be described in the next paragraph.  

 

B. Mathematical Synthesis of the SPWS S-Parameters 

 

The present analytical investigation is fundamentally drawn from the equivalent circuit diagram 

of the SPWS shown in Figure 5. This system can be represented as a SIMO network. In the ideal 

case, Switch1 and Switch2 are assumed to be analytically identical. Therefore, the path Input-

Output1 and Input-Output2 are also electrically identical.  
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Fig. 5. Functional operational system of the SPWS - (b) Equivalent circuit of the SPWS topology 

composed of elementary TLs and the switch black box - (c) The electrical chain of the output 

blocks. 

 

After the S-to-Y matrix transform and the output branch Y-matrices addition, the electrical 

equivalent as single-input single-output (SISO) network can be established. Figure 6(a) highlights 

the configuration of the SISO equivalent diagram. Subsequently, the global S-parameter model is 

determined from the product of the ABCD matrices which models mathematically to the 

cascaded two elementary blocks TLin and [S]out. It can be emphasized in Figure 6(b) that the 

proposed SPWS model should include the switch black box denoted  switchS .  

 

 

(a) 
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(b) 

Fig. 6. (a) Equivalent circuit of the SPWS topology composed of elementary TLs and the switch 

black box and (b) equivalent output blocks. 

 

It is worth noting that in this paper, each TL represented by TL(Zc,d) is characterized by their 

characteristic impedance Zc and their electrical length θ=β×d. It can be reminded that the 

physical length, d and the phase constant, β. As described in the previous paragraph, the PWS is 

considered built in distributed T-tree interconnect topology. Consequently, the elementary lines 

of the tree can be assumed constituted by the input access line TLin(Z0,din) (with characteristic 

impedance Z0 and physical length din) and two identical transition lines TL1(Z1,d1). The output 

access lines are designated by TLout(Z0,dout) as can be understood in Figures 3. As introduced in 

[24], the corresponding S-parameters are expressed as: 

 

  11 12

21 22

TL TL
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The input and output access lines are supposed perfectly matched to Z0 and having physical 

lengths din and dout. The corresponding electrical lengths are respectively denoted θin and θout. By 

supposing the switches are identical and as a unilateral two-port network (S12switch≈0), the 
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equivalent S-parameter can be expressed as: 

 

  11

22

0
switch

r
S

t r

 
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 

.     (4) 

 

The switch reflection parameters are denoted r11 and r22. Hence, the transmission parameter is 

denoted t. The S-parameters of the overall chain between the input and output branches of the 

SPWS are written as: 

 

  11 12

21 22

SPWS SPWS
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 

,     (5) 

 

with the complete expressions of the reflection and transmission parameters are: 
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To realize the inter-stage matching at the node of the T-tree (S11out=0), the characteristic 
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impedance of the intermediate transition line TL1 must be expressed as: 

 

2 2 2

11 11 11

1 0

11

3 1 9 8tan ( ) 6 1 8tan ( )

2( 1) tan( )

in in

in

r θ r r θ
Z Z

r θ

 − + − − + + 
=

−
.  (9) 

 

Based on this relation, the SPWS matching can be analytically predicted. The trivial case θin=0 

implies Z1=∞. As a graphical illustration, Figure 7 displays the variation of the ratio |Z1|/Z0 in dB 

versus the electrical length θin and the reflection coefficient r11. It can be pointed out that the 

characteristic impedance Z1 increases with r11. Moreover, Z1 can vary up to about 320 times the 

reference impedance Z0 when the electrical length θin is increased.  
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Fig. 7. Variation of the transition line characteristic impedance |Z1|/Z0 vs (θin, r11). 

 

To validate the relevance of the SPWS concept under investigation, design and fabrication 

results of the demonstrator will be introduced and discussed in the following section. 
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III. DESIGN AND VALIDATIONS OF THE 3-PORT SPWS PROOF-OF-

CONCEPT 

 

As a POC of the SPWS, a microwave circuit prototype was synthesized and fabricated. For that, a 

novel fabrication process of microstrip circuit on flexible plastic was deployed. The SPWS was 

innovatively implemented in hybrid technology ink-jet printed on the flexible Kapton substrate. 

To validate the POC, simulations and measurements were performed. It is worth emphasizing 

that the electromagnetic (EM) and circuit co-simulations presented in this paper were run in the 

ADS/Momentum environment from Keysight technologies®. 

 

A. Design and Implementation of the Proposed SPWS Prototype  

 

An active circuit was designed and implemented in hybrid microstrip technology as the 

demonstrator. As dielectric substrate, an h=152 µm thick Kapton® polyimide film with a t=18 

µm Cu lamination at both sides was used. The circuit layout was patterned on top of the one side, 

by depositing a 300 nm thin film of poly-methyl-methacrylate (PMMA) using a Fujifilm DMP-

2831 materials ink-jet printer. The PMMA film acted as a protective layer during the Cu etching 

process, revealing the conductive tracks with a conductivity of about 8.54 MS/m.  

 

Based on these parameters, the POC of SPWS was synthesized, optimized and designed. The 

mask and the photograph of the fabricated SPWS is displayed in Figure 8(a) and Figure 8(b). The 

fabricated circuit physical size is 34 mm × 28 mm. The fabricated SPWS is integrating the 

packaged SKY13298-360LF GaAs switch. The bias voltage is V0 = 3.3V DC supply which 

corresponds to the on-state. Based on the technical characteristics provided by the manufacturer, 

it presents isolation from -0.4 dB to -1 dB and isolation parameter better than -25 dB in the IEEE 

standard 802.11a bands. As aforementioned in Subsection II-A, in on-state, the control voltage is 

VCTL=V0 and the off-state corresponds to VCTL=0 V. 
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(a) 

 

(b) 

Fig. 8(a). Layout and (b) photograph of the SPWS POC implemented using hybrid technology. 

Lumped isolator SMC capacitors with nominal values 15 pF and 33 pF were mounted for the 

decoupling between the DC and microwave signals. The distributed Tee PWS was synthesized to 

operate in the WLAN IEEE standard 802.11a bands defined with the centre frequency 5. 6GHz 

and bandwidth of about 0.4 GHz. It acts as symmetrical devices with balanced outputs 

implemented in microstrip hybrid technology. The EM and circuit co-simulations including the 

distributed transition microstrip lines and the lumped components were realized.  
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B. Dielectric Characterization of the Kapton Substrate Employed to Fabricate the SPWS 

 

In order to fit the EM and circuit co-simulations of the prototype, characterization of the 

Kapton dielectric substrate was performed.  

 

The characterization of the Kapton flexible substrate was practically carried out via the 

measurements of S-parameters. The Kapton dielectric characteristics were extracted based on the 

Bahl and Trivedi theory. The photograph of the microstrip TL sample is depicted in Figure 9(a). 

This test line presents physical length of about 14 mm. 
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(b) 

Fig. 9(a). Photograph of the microstrip TL used for the implemented circuit Kapton substrate 

characterization, and (b) extracted relative permittivity and tangent loss. 



White Paper - 2018 

Page 15 by 22 

 

The frequency dependent characteristics of Kapton relative permittivity and loss tangent are 

plotted in Figure 9(b). It can be emphasized that the relative permittivity is dispersive at 3.3-3.4 

in the frequency band 4-7 GHz. Furthermore, the Kapton loss tangent presents an average value 

of about 0.008. This range of value of frequency dependent extracted characteristics was 

considered during the EM and circuit co-simulations of the designed SPWS. 

 

C. Comparison between Simulations and Measurements 

 

The electrical equivalent model of the circuit displayed in Figure 8(a) was co-simulated by 

considering the schematic and momentum EM environments. The S-parameter model of the 

SKY13298-360LF GaAs switch provided by the manufacturer was integrated in the simulated 

circuit. Then, S-parameter measurements were made by using the Agilent VNA 8502C. The 

simulations and measurements of the SPWS prototype were run essentially from 5.4 GHz to 5.8 

GHz.  

 

Two configurations based on the different statuses of the switches as summarized in Table I 

were considered during the simulations. A good agreement between the SPWS out-branches were 

realized. For the simplicity, the results only through output terminals  and  are examined in 

this paper. In Status A, we have the configurations Switch1(VCTL1=V0 and VCTL2=0 V) and 

Switch2(VCTL1=0 V and VCTL2=V0). Then, in Status B, the alternative configuration was applied. 

Then, the S-parameters S11, S21, S31, S23, S32, S41, S51, S22, S33, S44 and S55 were visualized from 5.4 

GHz to 5.8 GHz. As can be seen in Figure 10(a) and Figure 10(b), the experimental results 

uphold a transmission parameter of about -6 dB along the on-state output branch and -13 dB 

along the off-state output branch.  
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(d) 

Fig. 10. Comparison of the transmission parameters of the fabricated SPWS in (a) Status A and 

(b) in Status B - Comparison of the measured and simulated (c) input and output reflection and 

(d) isolation parameters of the fabricated SPWS in both status A & B. 

 

Due to the symmetry of the SPWS topology output branches, a good correlation between the S-

parameters S2,k vs S3,k and S4,k vs S5,k (k={1,2,3,4,5}) was observed during the tests with Status A 

and Status B. The slight differences between the simulations and measurements are essentially 

due to the biasing condition of the switches which do not fit the model used during the 

simulations. Moreover, in the two statuses under consideration, similar results were found for the 

reflection and isolation coefficients through the three terminals of the SPWS. As can be seen in 

Figure 10(c), the average values of these coefficients in the expected frequency band are 

experimentally closely of about -10 dB. Due to the fabrication and measurement inaccuracies, a 

deviation of about 7 dB was found between the simulations and experimental results. Thanks to 

the unilateral aspect of the switches (S12switch≈0), the implemented SPWS exhibits excellent inter-

branch isolations. 

 

D. Proposed SPWS Sensitivity Analyses vs Intermediate Transition Line Characteristic 

Impedance 

 

In complementary to the sensitivity analysis investigation conducted in [21], the influence of 

the T-output lines characteristic impedance was carried out. For the further insight on the 
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influence of the intermediate line TL1 defined in Figure 4(c), sensitivity analyses of the reflection 

and transmission parameters were carried out for Z1 increased from 50 Ω to 60 Ω. To do this, the 

TL1 width was varied based on Monte Carlo numerical analyses from 0.25 mm to 0.35 mm. Then, 

the SPWS S-parameters were recorded under the two configurations corresponding to Status A 

and Status B. Figures 11 illustrate how the SPWS S-parameters are influenced by ΔZ1. 

Figure 11(a) presents the influence of the Z1 variation on the SPWS input reflection 

coefficients. It can be underlined that the input reflection coefficient varies of about 4 dB. Then, 

Figure 11(b) materializes that the transmission parameter is notably less sensitive to Z1 with 

variation of less than 2.5 dB. The same for the output reflection losses, the variations are less than 

2.5 dB for all the output terminals of the implemented hybrid SPWS. 
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Fig. 11. SPWS Monte Carlo sensitivity analysis results: (a) input reflection, (b) transmission and 

(c) output reflection coefficients when Z1 varied from 50 Ω to 60 Ω. 

 

 

4. CONCLUSION  

 

A prototype of SPWS microwave circuit is fully investigated. In addition to the work published 

in [23], the complete theoretical approach on the topology of the SPWS by considering a T-tree 

PWS is presented. The innovative concept of the SPWS topology to operate as a tree-port circuit 

is described. The fundamental mathematical expressions of the SPWS S-parameters in function 

of the elementary line and used switch parameters are established.  

The prototype of the SPWS was synthesized, designed, simulated and optimized. The 

demonstrator was innovatively implemented on flexible Kapton substrate in hybrid ink-jet printed 

technology. The relevance of the SPWS circuit is verified with a POC designed and implemented 

on Kapton flexible substrate. The POC is composed of Tee PWS and commercial GaAs switches. 

Then, EM and circuit co-simulations are compared with the experimental results. Despite the 

deviation between the model and measured switch bias voltage characteristics, a good agreement 

between both results is globally observed. The S-parameter analyses are carried out in the IEEE 

standard 802.11a from 5.4GHz to 5.8GHz band. In addition, sensitivity analyses based on the 

Monte Carlo approach are also provided for the SPWS reflection and transmission coefficients. 

These sensitivity analyses were essentially conducted in function of the intermediate transition 

line between the characteristic impedance of the T-tree and the switches. 
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As ongoing research, the developed SPWS device can be potentially used for the low cost 

switched beam forming antenna system. With the subsequent capacity of the mechanical bending, 

the developed SPWS can be used to design of the communicating ubiquitous electronic as 

WBAN devices. 
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