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Figure 11.25. Free-space software dialog for TRL options.

After selecting Finish, the user is then prompted to measure the Thru, Reflect and Line
standards. The order in which these are measured is determined by the user’s choice in the TRL
Option dialog.

Measurement of the Thru standard is achieved by emptying the sample holder. This is
illustrated below in Figure 11.26. After selecting OK, the port 2 antenna is moved by the software

so that its focus overlaps with the focus of the port 1 antenna.

Ix |x

THRU Standard

Setup Free Space System for THRU Measurement

carce_|

Figure 11.26. Free-space software dialog for Thru standard measurement.

Measurement of the Reflect standard is achieved by placing the reflective plate in the
sample holder. This is illustrated below in Figure 11.27 and demonstrated in Figure 11.28. After
selecting OK, the port 2 antenna is moved by the software so that its focus is at the back surface

of the reflective plate.
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be resolved by phase unwrapping or by computing the group delay at two discrete frequency points
[54]. Chen, et al. provide details for resolving the ambiguity.

The method also produces anomalous results when the sample thickness is equal to an
integer multiple of half of the wavelength inside the medium; this is discussed in further detail in
the section 1.B Microwave and Millimeter-wave Measurements, Sample Thickness and Loss
Tangent Considerations. In short, as S11 approaches zero (- dB), the denominator of the K term
approaches zero, and the K term approaches infinity. Several researchers have proposed modified
NRW methods that seek to avoid this problem [56] [58] [80].

Ghodgaonkar’s Methods

The methods presented by Ghodgaonkar, et al. are used in this work to validate the
performance of the free-space system. The author’s published results were achieved with the first
generation of the free-space system in use at the University of Arkansas.

Reflection

Ghodgaonkar’s method of determining complex permittivity from reflection measurements
was presented in the work, A Free-Space Method for Measurement of Dielectric Constants and
Loss Tangents at Microwave Frequencies in 1989 [29]. As a reflection method, only Si: is used
to determine complex permittivity. The relationship between Si1 and the material’s permittivity
is given by Ghodgaonkar, et al. as:

_ jZdntan(ﬁdd)_l (“7)

S, =
11 JZantan(Bgd)+1

where Zgn is the normalized wave impedance of the material under test, Bq is the phase constant
in the material under test, d is the sample thickness [29].
This method is limited to measuring nonmagnetic materials. The code implementing this

method can be found in the section VI Appendix B: MATLAB Codes, 2. Iterative algorithm.
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Transmission
Ghodgaonkar’s method of determining complex permittivity and complex permeability
from transmission measurements was presented in the work, Free-Space Measurement of Complex
Permittivity and Complex Permeability of Magnetic Materials at Microwave Frequencies in 1990
[46]. The relationship between Si1, Sz1 and the material’s complex relative permittivity €* and

complex relative permeability p* are as follows:

_TQa-1%)

S11 = 272 (11.8)
T(1-T?
S = 1o (11.9)

The reflection coefficient I" and the transmission coefficient T are given by:

Zen—1
M=o (11.10)
T = e vd (11.11)

where Zs, is the normalized characteristic impedance and vy is the propagation constant of the

sample. These are given by:

Zog, = |~ (11.12)

c*

¥ = voJern* (11.13)
with yo, the propagation constant in free space, given by:

Yo = j2m/ A, (11.14)
with Ao as the wavelength in free-space. The method then proceeds similarly to the NRW method,

with the following:

g = Ehshln (11.15)
11

(S11+S21)-T
1-T'(S11+521)

r=K+vVKZ—1 (11.17)
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Figure 111.19. Extracted permittivity for orientation 2.
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Figure 111.20. Extracted permittivity for orientation 2, zoomed-out view.
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IV.  Summary and Conclusion

The focus of this work was to bring the University of Arkansas’s free-space measurement
system back on-line, validate its performance, and use it to determine if the electromagnetic
properties of a metamaterial slab agree with its theoretical, simulated properties.

The commonly-encountered dielectric materials Teflon and quartz were used to validate
the performance of the system. These materials exhibit very little change in dielectric constant
over the frequency range covered by the free-space system. The methods used to extract
permittivity from measured S-parameters, such as the Nicolson-Ross-Weir method, are considered
sensitive to error. Measuring these benchmark materials and successfully extracting their
parameters with low error thus indicates good performance of the system. Teflon and quartz were
found to have a permittivity which deviated less than 5% from published values, across the entire
span from 12.4 GHz to 110 GHz. Thus, the system’s performance has been validated.
Additionally, techniques such as time domain gating were presented, which allowed for more
accurate measurements with the system by reducing some types of noise and interference.

A metamaterial structure was provided by the United States Army, one which was expected
to exhibit negative permittivity, negative permeability and double-negative behavior. The
structure was simulated in HFSS on the Arkansas High Performance Computing Center cluster.
The simulation was able to converge, and showed several resonant frequencies over the measured
range. The NRW method indicated that both negative permittivity and negative permeability
would be observed.

Measurements of the metamaterial block using the free-space system showed a significant
correlation with simulation results, with a consistent frequency shift observed between simulation

and measured results. It is believed that this effect was primarily due to environment-driven
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changes to the metamaterial’s dielectric substrate and copper coating. The metamaterial block had
been fabricated some time prior to measurement, allowing enough time for such changes to occur.
These effects could have caused a shift in the dielectric constant of the substrate, resulting in a
frequency shift of the observed resonances.

In conclusion, the research presented in this thesis demonstrates that the free-space
measurement system at the University of Arkansas is a flexible system well-suited to a variety of
microwave and millimeter-wave measurements. It has been successfully used to characterize a

variety of dielectrics and metamaterials, and may provide useful imaging capabilities in the future.
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V. Appendix A: Antenna Polarization Measurements

The polarization of the horn-lens antennas was determined experimentally using the RF
anechoic chamber at the University of Arkansas. The anechoic chamber is equipped with a dual

linearly-polarized ridged horn antenna, shown below in Figure V.1.
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Figure V.1. RF anechoic chamber with linea

When using a linearly polarized antenna to measure an antenna under rotation about the

phi axis, three possible measurement cases present themselves. These are shown below in Figure

V.2.
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Figure V.2. Possible radiation patterns when rotating an unknown antenna about the phi axis.

To determine the polarization of the horn-lens antennas, one of the horn-lens antennas was
mounted inside the RF anechoic chamber, shown below in Figure V.4. A sketch of the
measurement setup is shown below in Figure VV.3. The unknown antenna is rotated about the phi

axis while recording the transmitted signal Sz1 with a network analyzer.

RF Anechoic Chamber

Network Analyzer

Figure V.3. Experimental setup for determining antenna polarization.
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Figure V.4. Horn-lens antenna mounted in the RF anechoic chamber.

The antenna was then rotated about the phi axis. The radiation pattern was recorded for
both the horizontal and vertical polarizations of the receiving horn antenna. The results are
presented as normalized radiation patterns below in Figure V.5 and Figure V.6. These results
clearly correspond with the case of a linearly-polarized antenna under rotation, and thus the horn-

lens antennas are linearly polarized.
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Figure V.5. Horizontal polarization pattern for horn-lens antenna under test.

Vertical Polarization Pattern
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Figure V.6. Vertical polarization pattern for horn-lens antenna under test.
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V1.  Appendix B: MATLAB Codes

1. Nicolson-Ross-Weir algorithm

This algorithm uses the Nicolson-Ross-Weir method to extract permittivity and
permeability values from transmission and reflection measurement data. It accepts complex-
valued, linear-scaled scattering parameter data S11 and Sz1 and returns complex-valued epsilon and

mu values.

function [ eps, mu ] = nrw extract( d, freqg, S11, S21 )
nrw_extract calculates the permittivity and permeability for a sample.

o° o

o

nrw_extract implements the NRW (Nicholson-Ross-Weir) method for extraction
of complex permittivity (epsilon) and complex permeability (mu) of a given
material sample. This method uses transmission scattering-parameter
measurements taken with a network analyzer connected to a free-space
microwave measurement system.

o° 0O o° oe

o

% Syntax: [ eps, mu ] = nrw extract( d, freq, S11, S21 )

% Returns:

% eps - complex-valued vector of permittivity (epsilon)

% mu - complex-valued vector of permeability (mu)

% Inputs:

% d - sample thickness (in meters)

% freq - real-valued vector of frequency points

% S11 - complex-valued vector of reflection measurements

% 521 - complex-valued vector of transmission measurements

o\°

Input vectors f, S11 and S21 should be of equal length.
S11 and S21 should be in complex (real-imaginary) format,
not amplitude/phase format.

Output vectors eps and mu will be of equal length to f.

d° 0O o oe

o\°

Implemented by Clifford Kintner, kintner@uark.edu, in 2016 at the
University of Arkansas, Department of Electrical Engineering.

o oe

oe

Note that this method is sensitive to resonances that occur near

lambda/2 as explained in Sung Kim and James Baker-Jarvis' paper.

This code can be adapted to waveguide-based measurements by following the
form in Weir's original paper regarding wavelength inside a waveguide.

o 0P o° o°

oe

Sources:
"Measurement of the Intrinsic Properties of Materials by Time-Domain
Techniques" Nicholson, A. M. and Ross, G. F., IEEE Transactions on
Instrumentation and Measurement, Vol. IM-19, No. 4, November 1970.

o o° o° o°

oe

"Automatic Measurement of Complex Dielectric Constant and Permeability
at Microwave Frequencies" Weir, W. B., Proceedings of the IEEE, Vol. 62,
No. 1, January 1974.

o° e oe

o

"An Approximate Approach to Determining the Permittivity and Permeability
near lambda/2 Resonances in Transmission/Reflection Measurements" Sung

o
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o oo

o

for

end

Kim and James Baker-Jarvis, Progress in Electromagnetics Research B, Vol.
58, 2014.

m=1l:size(S11)
% Calculate relationship between S11 and S21 (chi)
X (m)=(S11(m)”*2-S21(m)"2+1)/(2*S11 (m)) ;
% Calculate reflection coefficient (gamma) and reject impossible values
Gamma (m) =X (m) +sgrt (X (m) *2-1) ;
if abs (Gamma (m))<1
Gamma (m) =X (m) +sgrt (X (m) ~2-1) ;
else
Gamma (m) =X (m) -sgrt (X (m) *2-1) ;
end

% Calculate transmission and propagation constants
T(m)=(S11(m)+S21 (m)-Gamma (m) )/ (1-(S11(m)+S21 (m))*Gamma (m) ) ;
gam_O(m)=complex(0,2*pi*freq(m)/(3e8));
gam(m)=(log (1/T (m))/d);

% Extract epsilon and mu
eps (m) =(gam(m) /gam_0 (m)) * ( (1-Gamma (m) ) / (1+Gamma (m) ) ) ;
mu(m)=(gam(m)/gam_O(m))*((1+Gamma(m))/(l—Gamma(m)));

2. Iterative algorithm

This algorithm uses an iterative method to extract permittivity from reflection measurement

data. It accepts complex-valued, linear-scaled scattering parameter data Si11 and returns complex-

valued epsilon values.

0° A0 A A @ O° A° A° A° A° Ad° A o° o° o°

o\°

% Iterative Permittivity Solver v1.3 2015-10-28

Clifford Kintner [kintner@uark.edu], Dr. Magda El-Shenawee - advisor
Based on technique from Ghodgaonkar, Varadan & Varadan,

"A Free-Space Method for Measurement of Dielectric Constants

and Loss Tangents at Microwave Frequencies" (1989)

This program imports data in the real/imaginary format output by the
HVS software (similar to the plain text file format of the HP 8510C).
Only S 11 data is used as the technique in the '89 paper relies on
measurements of metal-backed samples; S 21=0 is assumed true.

The program then attempts to solve for permittivity of the sample.

It uses Milller's method to converge, starting with an initial guess

of epsilon, then solving for the zero of the error between the expected
and measured S 11 values for a sample.

clear all

o\°

% Get sample data and starting parameters
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file name = input('File containing S 11 data (real/imag format): ,'s');
[Freq, Sllr, S11i, S21r, S21i] = import real imag hvs(file name);

S11 = complex(S1lr, S11i);

clearvars S21r S21i

f = Freq.*1le9;

disp(strcat(['Data contains',' ',num2str(size(Sllr,1)),' points, ',
num2str (min (Freqg)),' to ',num2str (max (Freq)),' GHz']))
thickness = input ('Sample thickness (in mm): ");
d = thickness*0.001;
eps_guess = input('Initial guess for relative epsilon: ");
guess margin = input('Initial over/under for epsilon (default: 0.25)");
if isempty(guess margin)
guess margin = 0.25;
end
itmax = input('Max iterations per point (default: 500): ");
if isempty (itmax)
itmax = 500;
end
itmaxhits = 0;

clearvars file name thickness Freqg Sl1lr S11i;

%% Main program loop - process all data points
for (m=l:size(Freq))

eps_guess_1 = eps_guess - guess _margin;

eps_guess 2 = eps_guess;

eps_guess 3 = eps_guess + guess margin;

y0 = 811 (m) - get S11 expected(eps guess 1,d,f(m));
yl = S11(m) - get S11 expected(eps guess 2,d,f(m));
y2 = S811(m) - get S11 expected(eps guess 3,d,f(m));

o\°
o\°

Do Miller's method to find epsilon for a single point

for it = 4:itmax % already did 3 its

q (eps guess 3 - eps_guess_2)/(eps_guess 2 - eps _guess_1);

A= (q)*y2 - (g*(l+q))*yl + (g”2)*y0;

B = (Z*q + 1)*y2 - ((1 + g)"2)*yl + (g”2)*y0;

C= (1 + q)*vy2;

if (A ~= 0) $ don't divide by 0
disc = B"2 - 4*A*C;
denl = (B + sqgrt(disc));
den2 = (B - sqgrt(disc));

if (abs(denl) < abs(den2))
eps guess 4 = eps _guess 3 - ...
(eps_guess 3 - eps _guess_ 2)* (2*C/den2);

else
eps _guess_4 = eps _guess 3 - ...
(eps_guess 3 - eps_guess 2)*(2*C/denl)
end
elseif (B ~= 0) % don't divide by 0
eps _guess 4 = eps_guess_3 -

(eps_guess 3 - eps_guess_2)* (2*C/B)
else
itcount (m) = it;
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oo
3]

end

00
<)

break
end

% equation (4), error between measured and expected S11

y3 = S811(m) - get S11 expected(eps guess 4,d,f(m));

eps_guess_1 eps_guess_2; % shift eps guesses
eps_guess 2 = eps _guess_ 3;

eps_guess_3 eps_guess 4;

y0 = vyl; % recycle outputs
yl = y2;
y2 = y3;

end

Store the result of Miller's method before moving on to the next point

eps (m) = eps guess 3;

E(m) = y2;

if (it==itmax) % save our it count if we didn't hit 0 for A or B
itcount (m) = itmax;
itmaxhits = itmaxhits + 1;

end

Show some basic statistics

divergences = 0;
eps _sum = 0; % initialize salts
for (m=l:size(S11))
if (eps(m) > 10*eps guess) % guess was way off, or answer diverged
divergences = divergences + 1;
elseif (eps(m) < 1) % epsilon > 1 unless vacuum
divergences = divergences + 1;
else
if ((eps(m) > 1) && (eps(m) < 10*eps guess))
eps_sum = eps_sum + eps(m); % add epsilon for our mean
end
end
end
eps_average = eps_sum / ((size(S11l,1) - divergences)); % calculate mean
disp(' ")
disp('Results:')
disp(strcat(['Epsilon min/max: ',num2str (min(eps)),' / ',

num2str (max(eps))]))

(
disp(strcat(['Sll error min/max: ',numZStr(mln(E)),' /', ...
num2str (max (E)), " [',num2str (20.*1logl0 (abs (min(E))))," / ',
num2str (20.*1ogl0 (abs (max(E)))),"' dB]']))
disp(strcat(['Mean iterations per point: ',num2str (mean (itcount))]))
disp(strcat(['Max iterations reached ',num2str (itmaxhits),' times']))
disp(strcat (['Divergence count: ', num2str (divergences),' points']))
disp(strcat(['Average epsilon (next starting guess?): ',
num2str (eps_average)]))
realeps=[f real(eps)'];
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exit

function [ expected S11 ] = get S11 expected( expected eps,d, f )

get S11 expected calculates the expected S11 value from a real-valued

relative permittivity/dielectric constant/epsilon (expected eps), with
a sample thickness (d, in meters) and frequency (f, in Hz) as inputs.

The result is a complex-valued reflection scattering parameter (S11).

o 0P o° o° o°

o

Based on technique from Ghodgaonkar, Varadan & Varadan,
"A Free-Space Method for Measurement of Dielectric Constants
and Loss Tangents at Microwave Frequencies" (1989)

o\°

o\

% equation (2), normalized wave impedance in the dielectric material
expected Z dn = 1/sqrt (expected eps);

% equation (3), phase constant in the dielectric material
% freespace wavelength = c/f
expected beta d = 2*pi*sqrt (expected eps) / ((3e8)/(f));

[

% equation (1), complex reflection coefficient

expected S11 num = j*expected Z dn*tan (expected beta d*d) - 1;
expected S11 den = j*expected Z dn*tan (expected beta d*d) + 1;
expected S11 den recip = (expected S11 den)."-1;

expected S11 = expected S11 num*expected S11 den recip;

end

3. Time-domain gating algorithm

This algorithm performs time-domain gating on complex-valued, linear-scaled scattering
parameter data S11 and Sz1. It returns complex-valued scattering parameter data and shows decibel-

scaled amplitude response before and after the gating process.

function [ S11 out, S21 out ] = tdgator( S11 in, S21 in, FregAxis )
$TDGator v6 -- Clifford Kintner

TDGator now only uses a Kaiser window as this is the

function used in most Network Analyzers.

This 1is chosen as the Kaiser-Bessel window is the

simplest implementation of the DPSS (Slepian) window,

which maximizes the energy concentration in the main lobe

of the fourier-transformed signal.

o d° 0P o° oe

oe

N = size(FregAxis,1l);
gate width = input (strcat('Gate width (',num2str(N),"' samples total):',32));
if (mod(N-gate width,2)==1) gate width = gate width + 1; end

beta = input (strcat('Kaiser window beta (default is 2.5):',32));
if (isempty(beta)); beta=2.5; end
gate shape = [zeros(l, (N-gate width)/2) kaiser(gate width,beta)'’

zeros (1, (N-gate width)/2)]1"';
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% truncate gate if it's oversized
if gate width > N
left gate = (gate width - N)/2;
right gate = gate width - left gate - 1;
truncated gate = gate shape(left gate:right gate);
gate shape = truncated gate;
end

[

% do transform and gating

S11 in td = ifftshift(ifft(S11 _in));
S21 in td = ifftshift(ifft(S21 in));
S11 td gated = gate shape.*S11 M O1 td;
S21 td gated = gate shape.*S21 M 01 td;
S11 gated = fft(fftshift(S11 _td gated));
S21 gated = fft(fftshift(S21 td gated));

figure (1)

subplot(5,1,1); plot(20*1ogl0(abs(S11 M Ol copol)))
subplot(5,1,2); plot(20*1ogl0(abs(sl1l M 01 td)))
subplot (5,1,3); plot(gate shape)

subplot (5,1,4); plot(20*loglO(abs(S11 M Ol td gate)))
subplot (5,1,5); plot(20*logl0(abs(S11 M Ol gated)))

disp('Pausing...")
pause
end

4. \Wavequide cutoff frequencies calculator

This code demonstrates the calculation of cutoff frequencies for a variety of waveguide
sizes. The common waveguide dimensions used in this research are stored in the vectors “a” and

“b” which contain the longer and shorter interior dimensions, respectively, of the waveguide.

clc

clear all

cO = 299792458;

mu0 = 4 * pi * le-7;

epsO0 = (mu0 * cO0 * c0)"*-1;

a = [0.0157988 0.010668 0.007112 0.0056896 0.0037592 0.00254];
b = [0.0078994 0.004318 0.003556 0.0028448 0.0018796 0.00127]1;

for m = [1 2 3]
for n = [1 2 3]
for wg = l:1length(a)
fc(wg,m,n) = (1/(2*sqrt (mul*eps0)))*sqgrt(((m-1)/a(wg))”"2 + ((n-
1) /b(wg))"2)*1le-9;
end
end
end
fcl = [fc(1,1,1) fc(1,1,2) fc(1,1,3) fc(l1,2,1) fc(l,2,2) fc(l,2,3)
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fc(1,3,1) fc(1,3,2) fc(1,3,3)]

fc2 = [fc(2,1,1) fc(2,1,2) fc(2,1,3) fc(2,2,1) fc(2,2,2) fc(2,2,3)
fc(2,3,1) fc(2,3,2) fc(2,3,3)]

fc3 = [fc(3,1,1) fc(3,1,2) fc(3,1,3) fc(3,2,1) fc(3,2,2) £fc(3,2,3)
fc(3,3,1) £c(3,3,2) £c(3,3,3)]

fc4d = [fc(4,1,1) fc(4,1,2) fc(4,1,3) fc(4,2,1) fc(4,2,2) fc(4,2,3)
fc(4,3,1) fc(4,3,2) fc(4,3,3)]

fcb5 = [fc(5,1,1) fc(5,1,2) fc(5,1,3) fc(5,2,1) fc(5,2,2) fc(5,2,3)
fc(5,3,1) fc(5,3,2) fc(5,3,3)]

fc6 = [fc(6,1,1) fc(6,1,2) fc(6,1,3) fc(6,2,1) fc(6,2,2) fc(6,2,3)
fc(6,3,1) fc(6,3,2) fc(6,3,3)]

5. Import Real Imag HVS

This supporting code loads complex-valued data from the HVS free-space measurement

system for processing with the extraction algorithms included in this research.

function [Fregaxis,S1lr,S11i,S821r,S21i] = import real imag hvs (filename,
startRow, endRow)

$ This code loads data files from the HVS system in real/imaginary format.
If startRow and endRow are omitted, the entire file is processed.

o

oe

%% initialize variables
if nargin<=2
startRow = 4;
endRow = inf;
end
formatSpec = '"$7f%15f%15f%15f%fS["\n\r]";

%% open the text file
fileID = fopen(filename, 'r'");

%% read columns of data according to format string
dataArray = textscan(fileID, formatSpec, endRow(l)-startRow(1l)+1,
'Delimiter', '', 'WhiteSpace', '', 'HeaderLines', startRow(l)-1,
'ReturnOnkError', false);
for block=2:1length (startRow)
frewind (£filelID) ;
dataArrayBlock = textscan(fileID, formatSpec,
endRow (block) -startRow (block)+1l, 'Delimiter', '', 'WhiteSpace',...
''", 'HeaderLines', startRow(block)-1, 'ReturnOnError', false);
for col=l:length(dataArray)
dataArray{col} = [dataArray{col};dataArrayBlock{col}];
end
end

%% close the text file
fclose (filelD) ;

%% allocate imported array to column variable names
Fregaxis = dataArray{:, 1};
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Sllr = dataArray{:, 2};
S111i dataArray{:, 3};
S21r = dataArray{:, 4};
5211 dataArray{:, 5};

return

6. S converter

This supporting code performs conversion between the various formats of scattering
parameters. It can accept linear-scaled or decibel-scaled inputs, in amplitude/phase or complex-
valued format. It can return results in these formats, and can perform unwrapping of phase for

amplitude/phase form data.

function [ outl, out2 ] = S converter( inl, in2, form inl, form in2,
form outl, form out2 )
%S _converter converts S-parameters between common units
v1.3 Clifford Kintner
inl and in2 are input vectors, outl and out2 are output vectors
form inl and form outl can be the following:

o° oP

o

% mag lin - magnitude in linear scale

% mag_db - magnitude in dB scale

% real lin - real part of complex form (linear scale)

% form in2 and form out2 can be the following:

3 imag lin - imaginary part of complex form (linear scale)
% pha deg - phase in degrees

% pha rad - phase in radians

% pha degu - phase in degrees, unwrapped (output only)

% pha degu - phase in radians, unwrapped (output only)

o\°

S converter internally uses complex (real/imaginary) format;
some loss of precision will naturally occur.

Complex (real/imaginary) format may not be mixed with other
units, i.e. if form inl is real lin then form in2 must be
imag lin. The same holds true for outputs.

o o oe

oe

oe
oe

convert inputs to real / imaginary format

if (strcmp(form inl, 'mag db')) % put in linear units first
inl b = 10.7(inl./20); inl = inl b;

form inl='mag lin';

[

end % end if form inl

if (strcmp(form in2, 'pha deg')) % put in radians first
in2 b = deg2rad(in2); in2 = in2 b;
form in2='pha rad';

o)

end % end if form in2
switch (form inl)

case ('mag lin') % form inl
switch (form in2)
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[

case ('pha rad') % form in2

% convert to real/imaginary

in0 = complex(inl.*cos(in2), inl.*sin(in2));
case ('imag lin') % form in2

error('Can''t mix real/imaginary units')
otherwise % form in2

error ('Bad input on form in2')

end % end switch form in2

[

case ('real 1lin'") % form inl
if strcmp(form in2, "imag lin')
% join real/imaginary to complex
in0 = complex(inl,in2);
else
error('Can''t mix real/imaginary units for input')

o)

end % end if form in2

o)

otherwise % form inl
error ('Bad input on form inl')
end % end switch form inl

%% convert outputs to desired format
switch (form outl)
case ({'mag lin', 'mag db'}) % form outl
outl = abs (in0);
switch (form out2)

case ('pha deg') % form out2
out2 = rad2deg(angle (in0));
case ('pha degu') % form out2
out2 = rad2deg(unwrap (angle (in0)));
case ('pha rad') % form out2
out2 = angle(in0);
case ('pha radu') % form out2
out2 = unwrap (angle (in0));

[

otherwise % form out2
error ('Bad input on form out2')
end % end switch form out2

o)

case ('real 1lin'") % form outl
if (strcmp(form out2, "imag lin'))
outl = real (in0);
out?2 imag (in0) ;

[

% do nothing

else
error('Can''t mix real/imaginary units for output')

Q

end % end if form out2
otherwise % form outl
error ('Bad input on form outl')

end % end switch form outl

Q

if (strcmp(form outl, 'mag db')) % convert to decibel scale
outl b = 20*1ogl0(outl); outl = outl b;

end % end if out forml
end
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