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 

Abstract— We propose here an experimental characterization 

procedure applied to a 1-bit reconfigurable transmitarray unit-

cell working in circular polarization at Ka-band. The 

transmission phase of the unit-cell is controlled on the receiving 

side by switching two p-i-n diodes integrated on the radiating 

element. The circular polarization is generated on the 

transmitting side with a truncated corner patch antenna. A 

specific waveguide characterization setup and related procedure 

have been developed to extract the unit-cell S-matrix. The 

proposed setup includes non-standard waveguide sections, ad-hoc 

transitions and an Ortho-Mode Transducer (OMT). The 

experimental results demonstrate a good agreement with full-

wave simulations with a discrepancy of less than 0.1 dB on the 

measured minimum insertion loss of 1.65 dB at 29 GHz. A 3-dB 

bandwidth larger than 12% has been measured.  

Index Terms— Waveguide simulator, circular polarization, 

transmitarray antenna, discrete lens, array lens, Ka-band. 

I. INTRODUCTION 

RANSMITARRAYS have been massively studied in the last

years for applications up to the sub-millimeter-wave band 

[1]-[2]. Even if several high-performance fixed-beam 

transmitarrays have been successfully demonstrated, only a 

few demonstrations of full electronically reconfigurable 

transmitarrays have been presented in the open literature [3]-

[5]. In our recent paper [3], we implemented a circularly-

polarized (CP) electronically reconfigurable transmitarray 

based on a sequentially-rotated linearly-polarized (LP) 1-bit 

unit-cell [6] enabling simple polarization switching. This 

transmitarray exhibits a significant directivity loss due to the 

generation of the circular polarization from the sequential 

rotation of orthogonal LP unit cells. Circularly-polarized unit-

cells are therefore proposed in the literature in order to 

improve the aperture efficiency. However, to our knowledge, 

there is no experimental characterization technique in 

waveguide environment published so far for CP unit-cells, in 

contrast to LP unit-cells [7], which can be characterized with 

standard rectangular waveguides and 2-port TRL calibration. 

In [8], a CP unit-cell has been characterized in free-space at 
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X-band. In this paper, we describe an experimental 

characterization procedure based on waveguide simulators for 

transmitarray unit-cells working in circular polarization. The 

proposed method allows to verify the transmitarray 

performance at unit-cell level during preliminary development 

phases. This enables to individuate possible issue and re-

optimise the design without the need of manufacturing and 

anechoic chamber test of the whole transmitarray panel that 

often consists of thousands of elements. This possibility is 

even more useful for reconfigurable CP unit-cell designs 

whose layout is more complex and requires integration of one 

or more active components. 

This paper is organized as follows. In Section II, the unit-cell 

architecture detailed in our previous paper [9] is briefly 

recalled. The proposed characterization setup and 

measurement procedures are described in detail in Section III, 

and experimental results are provided in Section IV. Finally, 

conclusions are drawn in Section V.  
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(a) 

(b)  (c) 

(d) 

Fig. 1. Designed and fabricated 1-bit CP unit-cell operating at Ka-band: (a) 

PCB stack-up; sketch of the (b) receiving (Rx) and (c) transmitting (Tx) 

layers. These figures are similar to the ones published in [9], where further 

details on the architecture are given, but are reported here to facilitate the 

reader understanding. (d) Photograph of the realized prototype (Rx layer). 
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II. ARCHITECTURE OF THE 1-BIT UNIT-CELL

The unit-cell operates at Ka-band (27.5 GHz - 31.0 GHz), 

and its size is 5.1×5.1 mm
2
 (0/2×0/2, where 0 is the

wavelength in free space at 29.4 GHz). It has been designed 

on the dielectric stack-up shown in Fig. 1a and formed by two 

identical substrates (Rogers Duroid RT6002, thickness 

508 μm, r = 2.94), a bonding film (Arlon CuClad 6700, 

thickness 114 μm, r = 2.30) and four metal layers. The 

receiving (Rx) layer is composed of a rectangular patch loaded 

by an O-shaped slot and two p-i-n diodes (Fig. 1b); this active 

patch is linearly-polarized. It is worth to notice that this choice 

allows the use of a simple and wideband LP focal source. In 

the transmitting layer (Tx), a square patch loaded by a U-

shaped slot with truncated corners is designed in order to 

generate circular polarization (Fig. 1c).  

The active patch is connected to the passive one with a 

metallized via hole placed at the center of the unit-cell. A 

ground plane occupies one of the two intermediate metallic 

layers. The other inner layer, shown in Fig. 1a, is used to route 

the DC bias network. The ground connection is realized with 

two symmetrical short-circuited quarter-wavelength stubs 

connected to the central via hole.  

This unit-cell has been simulated and optimized using the 

commercial software Ansys HFSS with periodic boundary 

conditions and Floquet port excitations. More details on the 

simulation results and p-i-n diode models are available in our 

previous works [6], [7], [9]. A photograph of the realized 

prototype is reported in Fig. 1d. 

III. EXPERIMENTAL CHARACTERIZATION OF THE

CIRCULARLY-POLARIZED UNIT-CELL 

A. Characterization setup 

The proposed measurement waveguide simulator set-up is 

outlined in Fig. 2. It is formed by two junctions: J1 (from the 

Rx side) and J2 (from the Tx side). The unit-cell is connected 

between the two junctions through short ad-hoc tapered 

adaptors (represented in red in Fig. 2) of length equal to 

1.2 mm (0/8.6) to match the waveguide dimensions to the 

unit-cell size. They cannot be de-embedded since the sizes of 

the transverse sections (5.1×5.1 mm
2
) connected to the unit-

cell do not allow propagation of the fundamental mode. 

However, similar adaptors have been already proposed for LP 

unit-cell characterization in [6]. Their role is mainly to 

minimize the impedance mismatch between the unit-cell 

section and the waveguides. 

The junction J1 is formed by a standard WR28 rectangular 

waveguide section (7.112×3.556 mm²). The junction J2 

includes a square non-standard waveguide connected to the Tx 

side of the unit-cell enabling the propagation of two 

orthogonal fundamental modes. A side of 6.5 mm has been 

selected in order to have a single mode (fc
TE10/TE01

 = 23.1 GHz)

within the working band and avoid higher-order modes 

(fc
TE11/TM11

 = 32.6 GHz). This square waveguide is connected

to an orthomode transducer (OMT) in order to separate the 

two orthogonal vertical (V) and horizontal (H) components. A 

commercial OMT manufactured by MM Microwave [10] with 

nominal working band between 27.0 and 31.0 GHz (return 

loss R.L.  > 10 dB, insertion loss I.L. < 1.5 dB, isolation > 30 

dB) has been selected. Its scattering matrix can be defined as 

follows: 

𝑆𝐽2 =

(

𝑆1𝐻1𝐻
𝐽2

𝑆1𝐻2𝐻
𝐽2

𝑆2𝐻1𝐻
𝐽2

𝑆2𝐻2𝐻
𝐽2

0 0
0 0

0 0
0 0

𝑆1𝑉1𝑉
𝐽2

𝑆1𝑉2𝑉
𝐽2

𝑆2𝑉1𝑉
𝐽2

𝑆2𝑉2𝑉
𝐽2

)

= (
𝑆𝐻
𝐽2

02,2

02,2 𝑆𝑉
𝐽2), (1) 

where numbers 1, 2 denote the set-up ports defined in Fig. 2, 

and letters H and V refer, respectively, to the two horizontal 

and vertical orthogonal polarizations only defined at port 2. 

By inserting the null elements in the matrix of Eq. (1), we 

assumed ideal isolation between the orthogonal modes 

separated by the OMT. With the actual OMT, this is not 

strictly true and leads to a systematic error that cannot be de-

Fig. 3. Block diagram of the proposed characterization method. It includes 

calibration, measurement and post-processing phases. All the steps contained 

in the measurement procedure are repeated N times, where N is the number 

of phase states of the DUT. For the tested case: N = 2 (phase states: 0°/180°). 

Fig. 2. Scheme of the waveguide simulator set-up proposed to characterize 

the CP unit-cell. It is formed by a WR28 straight section (junction J1), DUT 
(unit-cell) with ad-hoc adaptors (in red), a square waveguide straight section 

and an OMT junction to separate linear horizontal (H) and vertical (V) 

polarizations. Reference planes related to TRL procedure performed in 
calibration step 1 are shown with dashed bold lines. During calibration 

procedure the DUT is replaced by a calibration transition of length 

Lm = 9 mm (calibration steps 2-4). 
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embedded. However, if the OMT exhibits a high isolation 

(greater than 30 dB, as this is the case here) in the frequency 

band of interest, the impact of this approximation on the 

measurement accuracy is very limited. Therefore, junction J2 

can be represented by two independent 2-port scattering 

matrices 𝑆𝐻
𝐽2

 and 𝑆𝑉
𝐽2

, one for each polarization, that are 

measured in the calibration procedure described in the 

following section. These two matrices can be also represented 

by transfer (ABCD) matrices 𝑇𝐻
𝐽2

 and 𝑇𝑉
𝐽2

 respectively.

B. Calibration procedure 

Several steps are needed for the calibration of the proposed 

setup of Fig. 2; they are summarized in Fig. 3. Each one is 

detailed in the following.  

1) Calibration Step 1

A two-port TRL (Thru-Reflect-Line) calibration procedure 

is performed to de-embed the coaxial adaptors and the 

standard WR28 rectangular straight sections. A short circuit 

and a 3.56-mm-thick shim are used as reflect and line 

standard, respectively. The reference planes resulting from this 

operation are highlighted with dashed bold lines in Fig. 2. In 

this way, junction J1 is fully de-embedded. 

2) Calibration Step 2

An ad-hoc calibration transition (see Fig. 2) from WR-28 to 

a square waveguide has been designed in order to interface a 

standard waveguide with the square port of junction J2 and 

allow its characterization (in Calibration Step 3). This 

calibration transition is characterized using the Short Circuit 

Line (SCL) method, which is reported in detail in the 

Appendix [11]-[13]. As a result, the scattering (transfer) 

matrix 𝑆𝐶𝑎𝑙 (𝑇𝐶𝑎𝑙) of this calibration transition is obtained. 

3) Calibration Step 3

The characterized calibration transition is connected to the 

junction J2, as shown in Fig. 4a. The transmission matrix 

𝑇𝑚𝑒𝑎𝑠,𝐻
𝐽2

 associated to the horizontal polarization is measured 

between port 1 and port 2H. Since we used a two-port vector 

network analyzer, the third port (2V) of J2 was loaded by a 

matched load. By de-embedding the transition from the 

measurement data, we obtain 

𝑇𝐻
𝐽2
= 𝑇𝑚𝑒𝑎𝑠,𝐻

𝐽2
∙ (𝑇𝐶𝑎𝑙)

−1
. (2) 

4) Calibration Step 4

The scattering parameters associated to the vertical 

polarization are measured by rotating by 90° the calibration 

transition and connecting it to junction J2. Port 2H is now 

connected to a matched load, as shown in Fig. 4b. De-

embedding the calibration transition from the measurement 

data allows to derive 

𝑇𝑉
𝐽2
= 𝑇𝑚𝑒𝑎𝑠,𝑉

𝐽2
∙ (𝑇𝑐𝑎𝑙)

−1
. (3) 

To conclude, with the measurements performed in the 

calibration steps 2-4, the scattering matrix of junction J2 

reported in Eq. (1) is fully known. 

C. Measurement procedure 

Once the calibration steps are completed, the following S 

parameters must be extracted in order to fully characterize the 

DUT 

𝑆𝑐𝑒𝑙𝑙 = (

𝑆2𝐻2𝐻
𝑐𝑒𝑙𝑙 𝑆2𝐻1

𝑐𝑒𝑙𝑙 𝑆2𝐻2𝑉
𝑐𝑒𝑙𝑙

𝑆12𝐻
𝑐𝑒𝑙𝑙 𝑆11

𝑐𝑒𝑙𝑙 𝑆12𝑉
𝑐𝑒𝑙𝑙

𝑆2𝑉2𝐻
𝑐𝑒𝑙𝑙 𝑆2𝑉1𝑉

𝑐𝑒𝑙𝑙 𝑆2𝑉2𝑉
𝑐𝑒𝑙𝑙

). (4) 

(a) 

(b) 

Fig. 4: Photographs of the waveguide setup for calibration steps (a) 3 and (b) 

4, described in Section III-B. Junction J2 is connected to a calibration 

transition of length Lm = 9 mm, that was previously characterized with the 

SCL method (see Appendix). 

(a) 

(b) 

(c) 

Fig. 5: Photographs of the waveguide setup for measurement steps (a) A, (b) 

B and (c) C, described in Section III-C. 
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The adopted notation is coherent with the one defined 

previously in Eq. (1). Port 1 in this case is defined only for 

vertical polarization (V) and the associated subscript is 

omitted. 

For a DUT having N phase states, all the measurement steps 

described in the following must be repeated N times. For the 

two-state (0°/180°) unit-cell described in Section II, the 

measurement procedure is performed twice (N = 2).  

The S parameters contained in Eq. (4) can be re-arranged in 

three 2-port S-matrices  

𝑆𝑉
𝑐𝑒𝑙𝑙 = (

𝑆11
𝑐𝑒𝑙𝑙 𝑆12𝑉

𝑐𝑒𝑙𝑙

𝑆2𝑉1
𝑐𝑒𝑙𝑙 𝑆2𝑉2𝑉

𝑐𝑒𝑙𝑙
) , 𝑆𝐻

𝑐𝑒𝑙𝑙 = (
𝑆11
𝑐𝑒𝑙𝑙 𝑆12𝐻

𝑐𝑒𝑙𝑙

𝑆2𝐻1
𝑐𝑒𝑙𝑙 𝑆2𝐻2𝐻

𝑐𝑒𝑙𝑙
), 

(5) 

𝑆𝑉𝐻
𝑐𝑒𝑙𝑙 = (

𝑆2𝑉2𝑉
𝑐𝑒𝑙𝑙 𝑆2𝑉2𝐻

𝑐𝑒𝑙𝑙

𝑆2𝐻2𝑉
𝑐𝑒𝑙𝑙 𝑆2𝐻2𝐻

𝑐𝑒𝑙𝑙
). 

A transfer matrix (𝑇𝑉
𝑐𝑒𝑙𝑙 , 𝑇𝐻

𝑐𝑒𝑙𝑙 , 𝑇𝑉𝐻
𝑐𝑒𝑙𝑙) can be associated to each

of these matrices by applying the well-known conversion 

rules. Therefore, three 2-port measurements (Fig. 5) are 

performed on the setup in order to extract these three matrices, 

as detailed in the following steps.  

1) Measurement A

The first measurement is performed to extract parameters 

included in 𝑆𝐻
𝑐𝑒𝑙𝑙 and associated to the horizontal polarization 

(Eq. (5)). The matched load is connected to Port 2V (Fig. 5a). 

Using the transfer matrix notation, we have 

𝑇 𝐻
𝑐𝑒𝑙𝑙 = 𝑇𝑚𝑒𝑎𝑠,𝐻 ∙ (𝑇𝐻

𝐽2
)
−1
, (6) 

where 𝑇𝑚𝑒𝑎𝑠,𝐻 is the measured transfer matrix associated to the 

setup reported in Fig. 5a. 

2) Measurement B

A second measurement is done to retrieve parameters of 

𝑆𝑉
𝑐𝑒𝑙𝑙 related to the vertical polarization (Eq. (5)). The matched 

load has been connected this time to Port 2H (Fig. 5b). Using 

the transfer matrix notation, we have 

𝑇 𝑉
𝑐𝑒𝑙𝑙 = 𝑇𝑚𝑒𝑎𝑠,𝑉 ∙ (𝑇𝑉

𝐽2
)
−1
, (7) 

where 𝑇𝑚𝑒𝑎𝑠,𝑉 is the measured transmission matrix. 

3) Measurement C

Finally, a third measurement is performed to evaluate the S 

matrix 𝑆𝑉𝐻
𝑐𝑒𝑙𝑙  associated to the horizontal-vertical polarization

at port 2 (Eq. (5)). The matched load is connected this time to 

Port 1V (Fig. 5c). Using the transfer matrix notation, we have 

𝑇 𝑉𝐻
𝑐𝑒𝑙𝑙 = (𝑇𝑉

𝐽2
)
−1
∙ 𝑇𝑚𝑒𝑎𝑠,𝑉𝐻 ∙ (𝑇𝐻

𝐽2
)
−1
, (8) 

where 𝑇𝑚𝑒𝑎𝑠,𝐻𝑉 is the measured transmission matrix.

D. Post-processing 

Finally, S-parameters contained in Eq. (4) can be calculated 

starting from the 2-port transfer matrices of Eq. (6)-(8). The 

obtained parameters (magnitude and phase) for vertical and 

horizontal polarizations must be properly combined with a 

phase shift of ±90° for the CP components calculation. 

Denoting with L and R the LHCP and RHCP components, 

respectively, the following equations can be derived for the 

transmission coefficients 

𝑆2𝐿1
𝑐𝑒𝑙𝑙 =

1

√2
(𝑆2𝑉1

𝑐𝑒𝑙𝑙 + 𝑗𝑆2𝐻1
𝑐𝑒𝑙𝑙), (9) 

𝑆2𝑅1
𝑐𝑒𝑙𝑙 =

1

√2
(𝑆2𝑉1

𝑐𝑒𝑙𝑙 − 𝑗𝑆2𝐻1
𝑐𝑒𝑙𝑙). (10) 

(a) 

(b) 

(c) 
Fig. 6. Magnitude of the simulated (line) and measured (line and symbols) 

scattering parameters of the reconfigurable unit-cell. (a) Phase-state 0° and 

(b) phase state 180°. (c) Phase of the measured transmission coefficients of 

the reconfigurable unit-cell in both phase states. 
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While the reflection coefficient at port 1 is in LP, CP 

reflection coefficients can be defined at port 2 as follows 

𝑆2𝑅2𝑅
𝑐𝑒𝑙𝑙 =

1

2
(𝑆2𝑉2𝑉

𝑐𝑒𝑙𝑙 + 𝑗𝑆2𝑉2𝐻
𝑐𝑒𝑙𝑙 + 𝑗𝑆2𝐻2𝑉

𝑐𝑒𝑙𝑙 − 𝑆2𝐻2𝐻
𝑐𝑒𝑙𝑙 ), (11) 

𝑆2𝑅2𝐿
𝑐𝑒𝑙𝑙 =

1

2
(𝑆2𝑉2𝑉

𝑐𝑒𝑙𝑙 − 𝑗𝑆2𝑉2𝐻
𝑐𝑒𝑙𝑙 − 𝑗𝑆2𝐻2𝑉

𝑐𝑒𝑙𝑙 − 𝑆2𝐻2𝐻
𝑐𝑒𝑙𝑙 ), (12) 

𝑆2𝐿2𝑅
𝑐𝑒𝑙𝑙 =

1

2
(𝑆2𝑉2𝑉

𝑐𝑒𝑙𝑙 + 𝑗𝑆2𝑉2𝐻
𝑐𝑒𝑙𝑙 − 𝑗𝑆2𝐻2𝑉

𝑐𝑒𝑙𝑙 + 𝑆2𝐻2𝐻
𝑐𝑒𝑙𝑙 ), (13) 

𝑆2𝐿2𝐿
𝑐𝑒𝑙𝑙 =

1

2
(𝑆2𝑉2𝑉

𝑐𝑒𝑙𝑙 − 𝑗𝑆2𝑉2𝐻
𝑐𝑒𝑙𝑙 + 𝑗𝑆2𝐻2𝑉

𝑐𝑒𝑙𝑙 + 𝑆2𝐻2𝐻
𝑐𝑒𝑙𝑙 ). (14) 

IV. MEASUREMENT RESULTS

In order to validate its design, the 1-bit unit-cell presented 

in Section II has been fully characterized with the 

methodology presented in Section III. The measurements have 

been compared with full-wave simulations of the unit-cell in a 

simplified version of the waveguide set-up reported in Fig. 2. 

In particular, junction J2 is reduced to only the square non-

standard waveguide section and all the coaxial adapters are 

eliminated. With proper reference planes, this full-wave model 

corresponds ideally to the one obtained at the end of the 

proposed characterization procedure. 

S-parameters are reported in Figs. 6(a) and 6(b) for the 0° 

and 180° phase states, respectively. In the case of the 0° phase 

state, a good agreement is observed between the transmission 

coefficients in the frequency band 27.2-30.65 GHz. The 

measured minimum I.L. is equal to 1.59 dB at 28.9 GHz with 

an error of less than 0.05 dB as compared to the simulated 

results. In the case of the 180° phase state, the measured 

minimum I.L. is equal to 1.70 dB at 28.5 GHz with a relative 

error lower than 0.1 dB. At the edge of the working band, the 

error on transmission coefficients is lower than 0.5 dB and 

1.0 dB maximum for the 0° and 180° phase states, 

respectively. Larger discrepancies on the reflection 

coefficients can be observed. These errors are attributed 

mainly to the approximation done in the procedure (perfect 

isolation between the two LP OMT ports), and the random 

errors occurring during the multiple connections steps (e.g. 

alignment errors). In particular, a simpler procedure and a 

better accuracy would be expected using a three-port vector-

network analyzer instead of a two-port one.   

Finally, the phase of the unit-cell measured transmission 

coefficients is plotted in Fig. 6c. The plot shows that a relative 

phase shift of 180° with a maximum error of 13° and 17° is 

achieved on the frequency bands 27-30 GHz and 27-31 GHz, 

respectively. The unit-cell performance is summarized in 

Table I. 

V. CONCLUSION 

In this paper, a method for the experimental characterization 

of transmitarray CP unit-cells with arbitrary phase resolution 

(N phase states) in a waveguide simulator with non-standard 

access ports has been proposed and successfully tested on a 1-

bit (N = 2) tunable unit-cell designed in Ka-band. This method 

allows to assess CP unit-cell performance avoiding the 

prototyping of the whole antenna panel and to test further key 

parameters of reconfigurable architectures (e.g. power 

consumption, 1-dB compression point, dissipation, life cycle 

of active devices, etc.).  

The main limitations are only represented by waveguide 

and OMT bandwidths. However, it is sufficient to carefully 

select these components on the basis of operative frequency 

range of the DUT. Unit-cells with ultra-wideband features can 

be eventually characterized in sub-bands by using ad-hoc 

multiple measurement setups with proper waveguide sizes and 

OMT junctions. 

The calibration and measurement procedures, which include 

multiple junction de-embedding steps, have been described. A 

minimum insertion loss of about 1.65 dB at 29 GHz with a 3-

dB relative bandwidth greater than 12% has been 

demonstrated in good agreement with simulation results. The 

obtained results validate both the proposed experimental 

characterization approach and the unit-cell design at Ka-band 

frequencies.  

APPENDIX 

The square-to-rectangular (WR-28) transition of length 

Lm = 9 mm employed in the calibration procedure steps 2-4 

has been characterized with the Short Circuit Line (SCL) 

method. This method has been already used in the past for the 

characterization of material permittivity and permeability 

[11]-[13]. It consists in connecting a short circuit to one port 

of the device at several distances (three distances in our case: 

L1, L2, L3), as illustrated in Fig. 7. Here, these three loads are 

implemented with a short circuit combined with two square-

waveguide (6.5×6.5 mm
2
) shims. The reflection coefficients of 

these loads (ΓL1, ΓL2, ΓL3) are supposed to be known with 

sufficient accuracy since in general they can be directly 

measured. In our case, the measurement of these loads would 

be complex because of the non-standard square waveguide. 

Instead, we considered an accurate full-wave model (including 

TABLE I: SUMMARY OF THE CIRCULARLY-POLARIZED UNIT-CELL 

PERFORMANCES 

Phase-state 0° Phase-state 180° 

Simul. Meas. Simul. Meas. 

Min I.L. 

(dB) 
1.61 1.59 1.61 1.70 

1-dB BW 

(GHz/%)* 

27.3-29.9 

8.9 

27.6-30.2 

8.9 

27.3-29.9 

8.9 

27.6-29.5 

6.5 

3-dB BW 

(GHz/%)* 

26.9-30.5 

12.4 

27.0-30.5 

12.0 

26.9-30.5 

12.4 

27.0-31 

13.8 

* Relative bandwidth has been calculated at 29 GHz.

Fig. 7. Photograph of the experimental setup used for the characterization of 

the calibration transition with SCL method (calibration step 2). Two square 

waveguide shims of length L1 = 7 mm and L2 = 12 mm have been realized 

and connected to a short circuit. The third shim has been realized by 

cascading the two (L3 = L1 + L2). 
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surface roughness) of the loads and we calculated these 

coefficients numerically. 

Scattering parameters at the input port 1 of the calibration 

transition (Fig. 7) are then measured in amplitude and phase 

connecting at each time the respective shims at port 2 

(𝑆11
𝑚𝑒𝑎𝑠,𝐿1, 𝑆11

𝑚𝑒𝑎𝑠,𝐿2, 𝑆11
𝑚𝑒𝑎𝑠,𝐿3). Being the calibration transition a 

2-port asymmetrical reciprocal device (𝑆12
𝑐𝑎𝑙 = 𝑆21

𝑐𝑎𝑙), the three

measurement setups correspond to three equations where the 

unknowns are the scattering parameters 𝑆11
𝑎𝑑𝑎𝑝𝑡

,  𝑆21
𝑎𝑑𝑎𝑝𝑡

  and 

𝑆22
𝑎𝑑𝑎𝑝𝑡

 of the calibration transition: 

{

𝑆11
𝑚𝑒𝑎𝑠,𝐿1 = 𝑆11

𝑐𝑎𝑙 +
Γ𝐿1(𝑆21

𝑐𝑎𝑙)
2

1−Γ𝐿1𝑆22
𝑐𝑎𝑙

𝑆11
𝑚𝑒𝑎𝑠,𝐿2 = 𝑆11

𝑐𝑎𝑙 +
Γ𝐿2(𝑆21

𝑐𝑎𝑙)
2

1−Γ𝐿2𝑆22
𝑐𝑎𝑙

𝑆11
𝑚𝑒𝑎𝑠,𝐿3 = 𝑆11

𝑐𝑎𝑙 +
Γ𝐿3(𝑆21

𝑐𝑎𝑙)
2

1−Γ𝐿3𝑆22
𝑐𝑎𝑙

(15) 

By solving this system with respect to 𝑆11
𝑐𝑎𝑙 , 𝑆21

𝑐𝑎𝑙 , 𝑆22
𝑐𝑎𝑙 , we

obtained the expressions reported in eq. (16)-(18), where we 

defined: 

Γ11 = Γ𝐿1(Γ𝐿3 − Γ𝐿2),

Γ22 = Γ𝐿2(Γ𝐿1 − Γ𝐿3)

Γ33 = Γ𝐿3(Γ𝐿2 − Γ𝐿1).

, (19) 

The sign of eq. (17) can be chosen by considering the 

electrical length of the transition in order to avoid undesired 

180° phase delay.  

The experimental results of the calibration transition 

transmission coefficient are reported in Fig. 8 for both 

magnitude and phase. The measured data obtained with the 

described SCL are compared with the full-wave simulation of 

the calibration transition for validation. The agreement 

between the curves is quite good with a maximum magnitude 

and phase error of 0.05 dB and 6.3°, respectively. 

The obtained calibration transition scattering parameters are 

known and the device can be used for the junction J2 

characterization in the remaining steps of the calibration 

procedure (Section III B.2-B.3). 
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𝑆11
𝑐𝑎𝑙 = −

Γ33𝑆11
𝑚𝑒𝑎𝑠,𝐿1𝑆11

𝑚𝑒𝑎𝑠,𝐿2+Γ11𝑆11
𝑚𝑒𝑎𝑠,𝐿2𝑆11

𝑚𝑒𝑎𝑠,𝐿3+Γ22𝑆11
𝑚𝑒𝑎𝑠,𝐿1𝑆11

𝑚𝑒𝑎𝑠,𝐿3

Γ11𝑆11
𝑚𝑒𝑎𝑠,𝐿1

+Γ22𝑆11
𝑚𝑒𝑎𝑠,𝐿2

+Γ33𝑆11
𝑚𝑒𝑎𝑠,𝐿3  (16) 

𝑆21
𝑐𝑎𝑙 = ±

√
Γ𝐿1𝑆11

𝑚𝑒𝑎𝑠,𝐿1𝑆11
𝑚𝑒𝑎𝑠,𝐿2−Γ𝐿1𝑆11

𝑚𝑒𝑎𝑠,𝐿1𝑆11
𝑚𝑒𝑎𝑠,𝐿3−Γ𝐿2𝑆11

𝑚𝑒𝑎𝑠,𝐿1𝑆11
𝑚𝑒𝑎𝑠,𝐿2+

Γ𝐿2𝑆11
𝑚𝑒𝑎𝑠,𝐿2𝑆11

𝑚𝑒𝑎𝑠,𝐿3+Γ𝐿3𝑆11
𝑚𝑒𝑎𝑠,𝐿1𝑆11

𝑚𝑒𝑎𝑠,𝐿2−Γ𝐿3𝑆11
𝑚𝑒𝑎𝑠,𝐿2𝑆11

𝑚𝑒𝑎𝑠,𝐿3

Γ11𝑆11
𝑚𝑒𝑎𝑠,𝐿1+Γ22𝑆11

𝑚𝑒𝑎𝑠,𝐿2+Γ33𝑆11
𝑚𝑒𝑎𝑠,𝐿3  (17) 

𝑆22
𝑐𝑎𝑙 = −

Γ𝐿1𝑆11
𝑚𝑒𝑎𝑠,𝐿2−Γ𝐿1𝑆11

𝑚𝑒𝑎𝑠,𝐿3−Γ𝐿2𝑆11
𝑚𝑒𝑎𝑠,𝐿1+Γ𝐿2𝑆11

𝑚𝑒𝑎𝑠,𝐿3+Γ𝐿3𝑆11
𝑚𝑒𝑎𝑠,𝐿1−Γ𝐿3𝑆11

𝑚𝑒𝑎𝑠,𝐿2

Γ11𝑆11
𝑚𝑒𝑎𝑠,𝐿1+Γ22𝑆11

𝑚𝑒𝑎𝑠,𝐿2+Γ33𝑆11
𝑚𝑒𝑎𝑠,𝐿3  (18)
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Fig. 8. Magnitude and phase of the transmission coefficient S21
cal of the 

calibration transition. Simulated curves (dashed line) and measured (solid 

lines) data obtained applying the SCL Method.  
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