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Abstract 
 

The wideband operation of multi-port reflectometer may lead to inaccurate reflection coefficient 
measurement caused by the overlapped phase characteristics of the used calibration standards. Therefore, 

a calibration procedure implementing Least Mean Square (LMS) is proposed to offer accurate operation of 

wideband multi-port reflectometer from 1 to 6 GHz. Its well wideband performance is verified by 
attenuators of 3, 6 and 10 dB that assessed as the device under tests (DUTs). The proposed LMS contains 

a learning rate,  and updated weight coefficient, W(k+1) to eliminate error and achieve the corrected 

reflection coefficient of DUT. 
 

Keywords: Calibration; Least Mean Square (LMS); multi-port reflectometer; overlapped phase 
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1.0  INTRODUCTION 

 

Nowadays, the microwave imaging applications receive great 

attention from a lot of researchers, which most of them focusing 

on the detection of brain stroke [1-10] and breast cancer [11-18]. 

High health awareness has become a main motivation to 

consider the application of microwave imaging on the human 

head. In accordance with the World Health Organization 

(WHO) report [19], each year approximately around 15 million 

people worldwide suffer from stroke attack. One-third of them 

are dead, and another one-third suffer permanent disability. 

Meanwhile, according to [20], in Malaysia, six new cases of the 

stroke occur every hour with an average of 110 deaths daily, and 

around 52 thousand people suffered from the stroke every year. 

In consequence, the brain stroke disease is stated as third main 

cause of death in worldwide, including Malaysia following heart 

disease and cancer such as lung, stomach, liver, and breast 

cancer [18].  

  Frequently, in the working prototypes of the microwave 

imaging system; the conventional Vector Network Analyzer 

(VNA) has been used as the measurement instrument [3]. 

Unfortunately, this instrument is bulky and expensive [11], [13-

15], [21-25]. In order to solve this problem, a portable low-cost 

device known as multi-port reflectometer formed by passive 

components of the couplers and power dividers is proposed to 

be used as an alternative to the common VNA [11], [13-15], 

[21-25]. The multi-port reflectometer is a device that having two 

input ports for power source and Device Under Test (DUT), and 

at least three output ports terminated in scalar power detectors. 

The measured powers from output ports can be used to 

determine a complex ratio between reflected and incident waves 

at the input port of a uniform transmission line terminated in a 

DUT [11], [13-15], [21-25].  

  The wideband multi-port reflectometer can act as a 

transmitter and receiver in microwave imaging systems, in order 

to offer measurement of scattering parameters of an object that 

is detected or imaged. By using the wideband multi-port 

reflectometer, the image of target (object) can be constructed 

through the information of reflected and scattering parameters. 

Practically, each passive component that constituting the 

wideband multi-port reflectometer is not operated in error-free 

state condition across the wideband frequency range of 1 to 6 

GHz. The imperfect operation that obtained by using the 

wideband multi-port reflectometer can be corrected by 

implementing suitable calibration procedure.  

  Various calibration procedures have been investigated as 

reported in [26-40] such as numbers of terminated loads [26], 

[29-32], [34], [37], mean sliding terminations [35], reduction of 

port termination [27-28], and calibration without power ratio 

standards [33]. Unfortunately, the problem of the overlapped 
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phase characteristics of the used calibration standards always 

occurs when the calibration procedure is performed across 

wideband frequency range for wideband multi-port 

reflectometer as reported in [22]. When this problem cannot be 

solved, some of the imperfect operation of wideband multi-port 

reflectometer will not be eliminated. Where, with the overlapped 

phase characteristics of the used standards at some frequency 

points, the calibration procedure is unable to remove the 

imperfect characteristics of wideband multi-port reflectometer. 

Therefore, inaccurate performance will be occurred at those 

frequencies. From various calibration procedures that 

investigated in [26-40], the use of more calibration standards is 

expected to be able to minimize the effect of any overlapping 

phase characteristics of standards.  

  Alternatively, instead of having more standards in 

calibration procedure, Least Mean Square (LMS) technique is 

proposed in this paper. Here, a new calibration procedure 

implementing modified LMS technique is adopted with the one-

port error model using three standards of match, open and short 

in purpose to achieve an accurate operation of the multi-port 

reflectometer. The LMS is chosen because it does not require 

correlation function calculation and matrix inversion, has low 

complexity computational, and also easy implementation 

compared to the other algorithms [41-42]. By using new 

proposed calibration method, a good performance in the 

wideband frequency range of 1 to 6 GHz can be achieved, and 

any imperfect operation should be successfully removed.  

 

 

2.0  WIDEBAND MULTI-PORT REFLECTOMETER 

 

In this paper, the proposed configuration of the wideband multi-

port reflectometer are formed by four couplers (Q) and two 

power dividers (D) as shown in Figure 1. Referring to Figure 1, 

Port 1 and 2 are dedicated for a microwave source and DUT, 

respectively. Meanwhile, Port 3 to 7 is terminated with the 

scalar power detector. In this wideband reflectometer 

configuration, Port 3 is noted as a reference port, which used to 

monitor the power level of source signal. Where, this port is 

used as a feedback loop to maintain a constant power level from 

the source [22]. While, the part that enclosed with the red 

broken line in Figure 1 is known as Complex Ratio Measuring 

Unit (CRMU) or correlator.  

  The CRMU is important part in the configuration of the 

wideband multi-port reflectometer, where it plays a similar role 

to the Complex Ratio Detector (CRD) in the conventional 

network analyzer based on heterodyne receiver technique [22]. 

With additional two passive components to the CRMU, which 

are a coupler and power divider; it can be performed as a 

reflectometer. By applying the derived mathematical equations 

that similar to [11], [13-15], [21-25] with the assumption of 

ideal operation of each component and the square-law operation 

of the detectors, the reflection coefficient (Г) of the DUT 

connected to Port 2 of multi-port configuration can be 

determined from equation (1): 

 

Γ =
𝑎

𝑏
= Γ1 + 𝑗Γ2 =

(𝑃4 − 𝑃5) + 𝑗(𝑃6 − P7)

𝑃3
                              (1) 

 

where, a and b indicate incident and reflected signals, 

respectively. Meanwhile, Г1 and Г2 are the real and imaginary 

component of the reflection coefficients, accordingly. Then, Pi is 

measured power at four output ports, where i denotes port 

number (i = 4, 5, 6, 7). From the known scattering parameters of 

the multi-port reflectometer, an equivalent equation to (1) can be 

represented as expression (2):  

 

Γ =
(|𝑆41|2 − |𝑆51|2) + 𝑗(|𝑆61|2 − |𝑆71|2)

|S31|2                                (2) 

 

 
Figure 1  Wideband multi-port reflectometer configuration consists of 
four couplers and two power dividers 

 

 

  By using equation (1) or (2), reflection coefficient of the 

tested DUT can be determined. Unfortunately, the wideband 

multi-port reflectometer is not operating in error-free condition. 

Therefore, the obtained reflection coefficient can be deviated 

from its expected value. Thereby, the suitable calibration 

procedure is important to be implemented in order to remove 

inaccurate operation of the wideband multi-port reflectometer. 

Next, the proposed calibration procedure adopting the one-port 

error model with three standards and the modified LMS 

technique will be presented.  

 

 

3.0  NEW CALIBRATION METHOD 

 

Calibration is required in eliminating the error of the imperfect 

operation for any measurement device or instrument, where it 

can offer an accurate performance. In this paper, two techniques 

are adopted in the proposed calibration method, which are one-

port error model with three standards and the modified Least 

Mean Square (LMS). The flow of proposed method is shown in 

Figure 2.  

  Referring to the flowchart in Figure 2, the uncorrected 

reflection coefficient of DUT will be corrected by performing 

initial calibration using one-port error correction model with 

three standards. However, not all reflection coefficients of the 

DUT across wideband operating frequency are successfully 

corrected. This is due to the overlapped phases of the used 

calibration standards that occurred when wideband standards are 

implemented in calibration procedure for the wideband multi-

port reflectometer [23]. Hence, the Least Mean Square (LMS) 

algorithm will be adopted to remove the remaining error in order 

to have corrected and accurate response of the reflection 

coefficient of any DUT across wideband frequency band. With 

that, the wideband multi-port reflectometer will be fully 

corrected, and an accurate measurement of the reflection 

coefficient can be offered.  
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Figure 2  The flowchart of the proposed calibration procedure for the 

multi-port reflectometer 

 

 

One-port Error Model with Three Standards 

 

As been described and discussed from the presented flowchart 

in Figure 2, the calibration procedure is started with one-port 

error model with three standards of match, open and short. Such 

procedure also has been used by four-port reflectometer and 

VNA [22]. The used model of the one-port error model with 

three standards of match, open and short is reported in [21]. In 

order to implement the one-port error model into wideband 

multi-port reflectometer, Equation (3) to (6) will be used [23]: 

 

Γ𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐸𝐷

𝐸𝑅 + 𝐸𝑆(Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝐸𝐷)
                                       (3) 

 

where ED, ER and ES represent the directivity, reflection signal 

path and source match error, accordingly. These errors are 

calculated from the responses of the reflection coefficient 

match, open and short that obtained from the wideband multi-

port reflectometer as expressed in equation (4) to (6), 

respectively:  

 

𝐸𝐷 = Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑀𝐴𝑇𝐶𝐻                                                                                  (4) 

 

𝐸𝑠 =
2Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑀𝐴𝑇𝐶𝐻 − Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑂𝑃𝐸𝑁 − Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑆𝐻𝑂𝑅𝑇

Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑆𝐻𝑂𝑅𝑇 − Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑂𝑃𝐸𝑁                                (5) 

 

𝐸𝑅 = (1 − 𝐸𝑆)(Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑂𝑃𝐸𝑁 − Γ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑀𝐴𝑇𝐶𝐻 )                                     (6) 

 

Modified Least Mean Square (LMS) Technique 

 

As known theoretically, for the device that having more than 

five-port; more than five standards are needed in the calibration 

procedure to minimize the effect of overlapped phases [23]. 

Accordingly, the use of the one-port error model with three 

standards of match, open and short in this paper may not be 

successful in performing the full calibration.  

  However, in this paper; there is no intention to apply more 

standards in calibration procedure. When performing calibration 

with three standards across wideband frequency range, there are 

some points need improvement to perfectly remove the error of 

multi-port reflectometer. Therefore, a modified Least Means 

Square (LMS) technique is proposed to be used in the procedure 

in order to obtain an accurate operation of the wideband multi-

port reflectometer and so forth can fully remove any remaining 

errors. 

  Referring to the concept of the LMS algorithm in [41-42], 

the modified LMS algorithm that proposed in this paper is 

illustrated in Figure 3. Its detail flow is presented in Figure 4. 

With regard to the modified LMS algorithm as depicted in 

Figure 4, an input signal, x(k) and weight vector, Wn(k) are 

initialized first in order to start the LMS algorithm procedure. 

The first initialized Wn(k) is noted as W(0) as expressed in 

equation (7). Through equation (8), the estimated output, y(k) 

can be obtained when the input signal, x(k) is multiplied with 

weight vector, Wn(k). After that, the error, e(k) will be computed 

with equation (9) when the desired signal, d(k) is compared with 

the estimated output, y(k). Lastly, the coefficient of the weight 

vector will be updated by using equation (10) until the errors, 

e(k) are minimized. 

 
Figure 3  Flow diagram of the proposed LMS algorithm 

 

 

  The weight update, W(k+1) of the modified Least Mean 

Square (LMS) technique can be obtained from the weight 

vector, W(k) added by learning rate, μ that multiplied with error, 

e(k) and input signal, x(k). The chosen of the learning rate, μ is 

depending on the condition of equation (11), in order to make it 

converges with the mean square value. With referring to this 

condition of the learning rate, μ; the error can be smaller and 

more stable around the minimum value of the mean square.  

 

𝑊(0) = 𝑊𝑖𝑛𝑖𝑡𝑖𝑎𝑙                                                                                (7) 

 

𝑦(𝑘) = 𝑊(𝑘) 𝑥(𝑘)                                                                           (8) 

 

𝑒(𝑘) = 𝑑(𝑘) −  𝑦(𝑘)                                                                        (9) 

 

𝑊(𝑘 + 1) = 𝑊(𝑘) + 2𝜇𝑥(𝑘) 𝑒(𝑘)                                            (10) 

 

0 < 𝜇 <
2

total input power
                                                         (11) 

 

  In this paper, the input signal, x(k) is depending on the 

magnitude of the reflection coefficient after the initial 

calibration with three standards is performed to the wideband 

multi-port reflectometer. The input signal, x(k) data are collected 

between 1 and 6 GHz, which contain of a few samples. During 

the implementation of the modified Least Mean Square (LMS) 

technique to the wideband multi-port reflectometer, the most 

two important things in this calibration procedure are the step-

size parameter or known as learning rate,  and weight update 

(coefficients), W(k+1).  

 

	

134!

5.4 THE PROPOSED LEAST MEAN SQUARE (LMS) ALGORITHM  

 

 

The basic concept and theory of the LMS algorithm has been discussed and 

reviewed in subsection 2.5.2 and 2.5.3 in Chapter 2. Based on the review, it should be 

modified for used in this research to make it suitable for the operation of multi-port 

reflectometer. This is to ensure an accurate operation in the measurement of reflection 

coefficient can be offered.  

The LMS algorithm flow diagram that proposed for error correction procedure is 

modified and adopted from [67-68] and [71] as illustrated in Figure 5.15. 

 

  

 

Figure 5.15: The proposed LMS algorithm flow diagram used for error correction 

procedure of the multi-port reflectometer 

 

 

Based on the Figure 5.15, the equations that basically need to be used in order to 

perform the proposed LMS algorithm in this research are represented in equation (5.5) to 

(5.9). With regard to flow diagram in Figure 5.15, an input signal, x(k) and weight 

vector, Wn(k) are initialized first in order to start the LMS algorithm procedure. The first 

initialized Wn(k) is noted as W(0) as expressed in equation (5.5). Through equation (5.6), 

the estimated output, y(k) can be obtained when the input signal, x(k) multiply with 

weight vector, Wn(k). After that, the error, e(k) will be computed with equation (5.7) 

when the desired signal, d(k) compared with estimated output, y(k).  
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Figure 4  The detail flowchart of the proposed modified LMS algorithm 

 

 

  As mentioned previously, the learning rate,  in this 

calibration procedure plays an important role in controlling the 

stability of the algorithm and the rate of the convergence. In 

order to make the learning rate,  converges to the mean square, 

the chosen value of the learning rate,  is depending on the 

condition given by equation (11) for each sample. Based on the 

learning rate,  for each sample, the modified LMS algorithm 

converges faster when the error is smaller and more stable 

around the minimum value of the mean square.  

  With the proper selection of the learning rate,  the 

correction of the attenuator |Г| is easier to be done and the 

weight update (coefficients), W(k+1) is not required to be 

updated many times for error, e(k) to become zero. When the 

error, e(k) equals to zero; it means that the wideband multi-port 

reflectometer has achieved a good performance with error-free 

state condition. Where, an accurate operation of the wideband 

multi-port reflectometer is obtained. 

 

 

4.0  MEASUREMENT SETUP 

 

The wideband multi-port reflectometer configuration is formed 

by using the real components, which are Krytar 90º hybrid 

coupler and Aeroflex two-way in-phase power divider as 

depicted in Figure 5(a) and (b). The shown cable in Figure 5(c) 

is used to connect the couplers and power dividers. The setup of 

wideband multi-port reflectometer in the laboratory is presented 

in Figure 6. When the wideband standards of match, open and 

short as shown in Figure 7 are used in initial calibration of one-

port error model, the overlapping of the phase characteristics is 

occurred as shown in Figure 8. At the point of the frequency 

range that having overlapped phase characteristics, the error of 

the imperfect operation is cannot be removed.  

 

 
 

Figure 5  Components that used to form wideband multi-port 

reflectometer: (a) coupler (b) power divider and (c) cable 

 

 
 

Figure 6  The setup of proposed multi-port reflectometer configuration  

in the laboratory 

 

 
 

Figure 7  Three standard loads used in the proposed calibration method 

for the proposed multi-port reflectometer: (a) match (b) open and (c) 

short 

 

 
Figure 8  The overlapped phase characteristics of the reflection 
coefficients of the used standard loads 
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Figure 5.16: The detail flowchart of the proposed LMS algorithm 

 

In this research, the input vector, Xn(k) is depending on the magnitude of the 

corrected reflection coefficient after the error correction with three standards is 

performed to the proposed wideband multi-port reflectometer. This input vector, Xn(k) 

data are collected between 1 and 6 GHz, where contain of a few samples. The data of the 

input vector, Xn(k) is obtained from the uncorrected |Г| of the proposed multi-port 

reflectometer as illustrated by the flowchart in previous Section 5.2. While, for the 

chosen value of the learning rate (m) for each sample is depending on the condition of 
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4.2 The Characterizations of Proposed Multi-Port Reflectometer 

 

 

 As mentioned in the introduction of this chapter, the proposed multi-port 

reflectometer is constructed with Krytar 90º hybrid coupler and Aeroflex two-way in-

phase power divider as shown in Figure 4.1 (a) and (b), respectively. The cable 

presented in Figure 4.1 (c) has been used to connect the used couplers and power 

dividers in order to form the proposed configuration of the multi-port reflectometer. 

While, Figure 4.2 represents the photograph of proposed multi-port reflectometer  setup 

that is done in laboratory. 

 

 

 

Figure 4.1: The components used to form the proposed multi-port reflectometer: (a) 

Krytar 90º hybrid coupler (b) Aeroflex two-way in-phase power divider and (c) cable 

 

 

 

Figure 4.2: The photograph setup of proposed multi-port reflectometer configuration 

(a) (b) (c) 

Coupler (Q) 

Power Divider 

(D) 

VNA 

Cable 

CRMU 

(a) (b) (c) 

(a) (b) (c) 
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To investigate the operation of wideband multi-port 

reflectometer in reflection coefficient measurement, a number of 

the attenuators have been used as DUTs as depicted in Figure 9. 

As attenuator is a two-port device, one port will be connected at 

Port 2 which also known as measurement port of reflectometer, 

while another port is short terminated. In order to determine the 

magnitude reflection coefficient, || of the attenuators, the 

mathematical Equation (2) is used. While, to obtain the accurate 

operation of the wideband multi-port reflectometer; the 

implementation of proposed calibration method is required. 

  

 
 

Figure 9  Attenuators that used as device under tests (DUTs): (a) 3 dB 

(b) 6 dB and (c) 10 dB 

 

 

  Initially, the calibration is started with one-port error model 

with three standards of match, open and short and then the 

modified LMS algorithm will be adopted. To perform the one-

port error model with three standards of match, open and short 

for wideband multi-port reflectometer, the mathematical 

Equation (3) to (6) will be used. While, to apply the modified 

LMS algorithm in calibration procedure; it requires the 

mathematical expression (7) to (11). The measurement result of 

the magnitude reflection coefficients for a number of attenuators 

with short termination are compared between corrected |Г| and 

uncorrected |Г| that obtained from the wideband multi-port 

reflectometer, and the |Г| obtained from VNA. Next, these 

measured |Г| of wideband multi-port reflectometer are 

discussed. 

 

 

4.0  RESULTS 

 

Based on measured results that depicted in Figure 10 to 12, the 

uncorrected |Г| that obtained via using wideband multi-port 

reflectometer (with notation ‘R’ at figure legend) for the case of 

short terminated 3, 6 and 10 dB attenuator are approximately 0.5 

± 0.1, 0.3 ± 0.2 and 0.2 ± 0.15, accordingly. The responses are 

oscillating compared to the |Г| that determined via using VNA, 

which approximately at 0.5 ± 0.02, 0.25 ± 0.02 and 0.1 ± 0.02, 

respectively. The different trend of the |Г| that obtained through 

VNA and uncorrected |Г| are noted across the operating 

frequency band of 1 to 6 GHz. Where, non-linear response with 

large ripples can be observed from the uncorrected |Г|. These 

measured results of the uncorrected |Г| of short terminated 3, 6 

and 10 dB attenuator via using wideband multi-port 

reflectometer are deviated from their expected value, which are 

0.5, 0.25 and 0.1, respectively as stated in Table 1. Therefore, it 

can note that, the operation of the wideband multi-port 

reflectometer is not in the error-free state. Non-ideal couplers, 

power dividers and cables constituting the wideband multi-port 

reflectometer contribute to this imperfect operation.  

  In order to offer accurate measurement of any DUT, the 

wideband multi-port reflectometer needs to be operated in error-

free state condition. By implementing the proposed calibration 

procedure, any error of the imperfect operation of the wideband 

multi-port reflectometer can be removed. In consequence, the 

initial step of the implementation the calibration procedure in 

this paper is started with one-port error model with three 

standards of match, open and short. The corrected |Г| of the 

short termination attenuators after this calibration is performed 

are compared with uncorrected |Г| and the one from VNA in the 

Figure 10 to 12, respectively and summarized in Table 1. 

 

 
Figure 10  Comparison of measured |Г| from VNA, uncorrected |Г| 

(with notation ‘R’) and corrected |Г| from the multi-port reflectometer 
for short terminated 3 dB attenuator 

 

 
Figure 11  Comparison of measured |Г| from VNA, uncorrected |Г| 

(with notation ‘R’) and corrected |Г| from the multi-port reflectometer 
for short terminated 6 dB attenuator 

 

 
Figure 12  Comparison of measured |Г| from VNA, uncorrected |Г| 
(with notation ‘R’) and corrected |Г| from the multi-port reflectometer 

for short terminated 10 dB attenuator 

 

 

  For 3 dB attenuator as presented in Figure 10, the corrected 

|Г| shows oscillating response between 0.38 and 0.5 compared to 

(a) (b) (c) 
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its expected value of 0.5. It can be noted that, the response 

decrease from 0.5 to 0.38 across 1 to 3.5 GHz. Then, it rises up 

from 0.38 to 0.5 at the next following frequency range. While, 

for 6 dB attenuator as depicted in Figure 11; the corrected |Г| is 

deviated from the ideal value of 0.25, but it closely following 

the pattern shown by |Г| that obtained from VNA with slightly 

different magnitude. Then, for 10 dB attenuator as shown in 

Figure 12, the corrected |Г| is slightly getting close to magnitude 

Г that obtained via using VNA even though it still not perfectly 

at its expected value of 0.1.  

 
Table 1 The expected and measurement results of |Г| for short 

terminated attenuators used as DUTs 

Attenuators 

(dB) 
Expected |Γ| 

Measured |Γ| 

VNA 
Reflectomete

r 

3 0.5 0.5 ± 0.02 0.5 ± 0.1 

6 0.25 0.25 ± 0.02 0.3 ± 0.2 

10 0.1 0.1 ± 0.02 0.2 ± 0.15 

 

 

  It can be concluded that, the corrected |Г| for a number of 

the short terminated attenuators used as DUTs are still deviated 

from their expected values when only one-port error model with 

three standards of match, open and short is applied in calibration 

procedure. However, when the |Г| of the attenuators is closer to 

the |Г| of match load; the measured |Г| is easier to be corrected 

as depicted in Figure 12 compared to the one with higher |Г|. 

With regard to Figure 8, the overlapped phases occur at 

beginning frequency range of 1 to 2 GHz and then at 2.5 to 4 

GHz. At this cross-point of the used standard phase 

characteristics, the calibration might be failed, and errors are 

cannot successfully to be removed. Besides that, the remaining 

|Г| after the overlapped of phases occurred is also difficult to be 

corrected. The effect of overlapping phase will influence the 

remaining calibration and the rest of |Г|. For the magnitude 

reflection coefficients of the attenuators that unsuccessfully to 

be corrected using one-port error model with three standards of 

match, open and short, the modified LMS algorithm is proposed 

to be adopted in the calibration procedure for the next 

investigation in order to offer an accurate performance of the 

wideband multi-port reflectometer.  

 

 
Figure 13  The corrected of the measured magnitude reflection 

coefficients for the short terminated attenuators when the proposed 
calibration method is applied to the wideband multi-port reflectometer 

 

 

The measured corrected magnitude reflection coefficients after 

the implementation of LMS algorithm are depicted in Figure 13. 

As can be seen in Figure 13, the |Г| for a number of the short 

terminated attenuators are meeting their expected values. All of 

the occurred errors of wideband multi-port reflectometer are 

successfully corrected with fully implementation of the 

proposed calibration method. Hence, it offers an accurate 

performance of the wideband multi-port reflectometer. 

  The weight update (coefficients), W(k+1) as stated in 

Equation (10) for the tested short terminated attenuators used as 

DUT are presented in Table 2. The increased different of the 

weight update (coefficients), W(k+1) for each tested attenuator 

is depending on the error. If the magnitude reflection coefficient 

that obtained is far from the ideal value, it means the error 

occurred is excessive. Accordingly, the weight update 

(coefficients), W(k+1) is increased until the magnitude 

reflection coefficient reaching its desired value and error 

becomes zero.  
 

Table 2 The weight update (coefficient), W(k+1) for the short 
terminated attenuators used as DUTs 

 

Freq 

(GHz) 

Expected |Γ| Weight Update (LMS) 

3 dB 6 dB 10 dB 3 dB 6 dB 10 dB 

1.0 

0.5 0.25 0.1 

2 2 3 

1.5 3 3 3 

2.0 3 3 3 

2.5 3 4 3 

3.0 4 6 0 

3.5 4 6 3 

4.0 3 7 5 

4.5 3 7 6 

5.0 3 4 3 

5.5 2 6 3 

6.0 2 6 6 

 

 

  As can be seen in Table 2, the weight update (coefficient), 

W(k+1) of the LMS algorithm is repeated many times when the 

error is high at the point of overlapping phase. However, by 

adopting the modified LMS algorithm to the wideband multi-

port reflectometer; that error can be successfully removed. In 

relation with that, the weight update (coefficient), W(k+1) is 

needed to be increased until the error becomes zero. When the 

error has reached zero, the corrected |Г| is managed to achieve 

their expected value. With that, the fully calibration has 

successfully performed for the wideband multi-port 

reflectometer and an accurate performance has been 

successfully obtained. 

 

 

5.0  CONCLUSION 

 

The accurate operation of wideband multi-port reflectometer for 

microwave imaging application on human head has been 

presented by implementing the new calibration method. The 

operation of the wideband multi-port reflectometer has been 

demonstrated through magnitude reflection coefficient via using 

a number of the short terminated attenuators as DUTs at Port 2. 

Next, in order to remove the imperfect operation of the 

wideband multi-port reflectometer; the proposed calibration 

method has been applied. Initially, the investigation started with 
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the one-port error model with three standards of match, open 

and short; then followed with the adopted modified LMS 

algorithm technique. By implementing one-port error model 

with three standards, not all imperfect operations of the 

wideband multi-port reflectometer are successfully corrected. 

Therefore, the modified LMS algorithm technique has been 

adopted. With that, these uncorrected magnitude reflection 

coefficients are successfully corrected.  
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