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Microwave Engineering (Fourth Edition), Pozar, Wiley, 2012, ISBN 978-0-470-63155-3. 

Notes:  1) 1
S

s

R
σ δ

=  where 2
sδ

ωµσ
=  

  2) All material parameters for R have to do with conductors. 
                  3) All material parameters for L, C, & G have to do with dielectric 

material/media surrounding conductors.  Note the parameters are 
expressed in terms of the complex permittivity as defined

(1 / ) (1 tan )j j jε ε ε ε σ ωε ε δ′ ′′= − = − = − . 
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Elements of Electromagnetics (Sixth Edition), Sadiku, Oxford, 2015, ISBN 978-0-19-932138-4. 

Notes:  1)  All material parameters for R have to do with conductors. 
                  2)  All material parameters for L, C, & G have to do with the dielectric 

material/media surrounding conductors. 
                  3)  For the dielectric, we are using an effective σ that encompasses both 

conductive and electric dipole losses and assuming ε is real. 
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Microwave Engineering (Fourth Edition), Pozar, Wiley, 2012, ISBN 978-0-470-63155-3. 
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Example-  
1) Plot reflection coefficient Γ = 0.707∠-45° for a 50 Ω transmission line 
 Use straight edge to draw radial line from center of Smith chart through the -

45° mark on “ANGLE OF REFLECTION COEFFCIENT IN DEGREES” 
scale (inner ring surrounding Smith chart). 

 Use “REFL. COEFF. V or I” scale at bottom right of chart to set compass to 
|Γ| = 0.707, and draw arc, centered on Smith chart, through -45° radial line. 

 The intersection of radial line & arc marks Γ = 0.707∠-45° on Smith chart. 

 
2) Read normalized impedance z corresponding to Γ = 0.707∠-45° 
 On Smith chart, at Γ = 0.707∠-45° point, locate and read/interpolate value of 

appropriate “r” circle (family of circles centered on horizontal axis and with 
values shown on horizontal axis) as r = 1.  

 On Smith chart, at Γ = 0.707∠-45° point, locate and read/interpolate value of 
appropriate “x” arc (reactance values shown on inside of outer ring of Smith 
chart; values above horizontal axis are positive/inductive while those below 
are negative/capacitive) as x = -2. 

 Put together to get normalized impedance z = 1 – j 2 Ω/Ω. 

 Find impedance corresponding to Γ = 0.707∠-45° by multiplying z w/ 
characteristic impedance to get Z = Z0 z = 50 (1 – j 2)   ⇒ Z = 50 – j 100 Ω. 

 
3) Read standing wave ratio SWR (VSWR) corresponding to Γ = 0.707∠-45° 
 Use “REFL. COEFF. V or I” scale at bottom right to set your compass to |Γ| 

= 0.707.  
 Draw 0.707 arc, centered on Smith chart scales, through SWR (VSWR) scale 

on bottom left. 
 Read standing wave ratio to be VSWR = 5.8 . 
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Example- ee481_581_Smith_chart_example_2.docx 

 
For the lossless transmission line circuit shown:   f = 100 MHz, vp = 3 × 108 m/s, 
l = 3.3 m, Z0 = 50 Ω, and ZL = 75 + j 50 Ω. 

1) Normalize and plot load impedance 
 Normalize  zL = ZL / Z0 = (75 + j 50) / 50   ⇒   zL = 1.5 + j 1 Ω/Ω. 
 Plot zL on Smith chart by finding intersection of r = 1.5 circle with x = 1 arc. 

2) Find load reflection coefficient and VSWR 
 Set compass to distance between center of Smith chart and zL.  Use compass 

to mark the “REFL. COEFF. V or I” scale at bottom right of Smith chart to 
determine |ΓL| = 0.42. 

 Use compass to draw |Γ| = 0.42 arc, centered on Smith chart scales, through 
SWR (VSWR) scale on bottom left.  Read VSWR = 2.4 . 

 Use straight-edge to draw radial line from center of Smith chart through zL 
and outer rings of Smith chart.  Use “ANGLE OF REFLECTION 
COEFFCIENT IN DEGREES” scale to read ∠ ΓL = 41.8°. 

 Put magnitude and angle together to get ΓL = 0.42∠41.8°.  For comparison, 
the analytic result is ΓL = 0.4152∠41.63°. 

3) Find input reflection coefficient 
 Calculate l/λ = l f / vp = 3.3 (100 × 106) / 3 × 108 = 1.1.  Subtract 2(0.5) = 1 (i.e., 

remove integer multiples of nλ/2) to get ⇒ l/λ = 0.1. 
 On the Smith chart, the radial line through zL reads 0.192 on the 

“WAVELENGTHS TOWARD GENERATOR” scale.  Add 0.192 + l/λ to get 
0.292 and draw a radial line from the center of the Smith chart through this 
point on the scale. 

Z , v0 p

l

ZL

Γin  in, z ΓL L, z

f
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 Draw an arc, centered on Smith chart, from zL through radial line at 0.292.  
The intersection of the arc and radial line is the Γin / zin point.  Use the 
“ANGLE OF REFLECTION COEFFCIENT IN DEGREES” scale to read 
∠ Γin = -30.2° and note |Γin| = |ΓL| = 0.42. 

 Put magnitude and angle together to get Γin = 0.42∠-30.2°.  

4) Find input impedance 
 At Γin = 0.42∠-30.2° point, locate and read/interpolate value of appropriate 

“r” circle as rin
 = 1.8.  

 At Γin = 0.42∠-30.2° point, locate and read/interpolate value of appropriate 
“x” arc  as xin

 = -0.92. 

 Put together to get normalized input impedance zin = 1.8 – j 0.92 Ω/Ω. 
 Find input impedance by multiplying zin w/ characteristic impedance to get 

Zin = Z0 zin = 50(1.8 – j 0.92)   ⇒ Zin = 90 – j 46 Ω. 
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Example-   ee481_581_Smith_chart_example_3.docx 

 

For the lossless transmission line circuit shown:   f = 500 MHz, vp = 2 × 108 m/s, 
l = 1.242 m, Z0 = 75 Ω, and Γin = 0.8∠-117.5°. 

1) Plot input reflection coefficient and find VSWR 
 Use straight edge to draw radial line from center of Smith chart through the -

117.5° mark on the “ANGLE OF REFLECTION COEFFCIENT IN 
DEGREES” scale. 

 Use “REFL. COEFF. V or I” scale at bottom right to set compass to |Γ| = 0.8, 
and draw arc, centered on Smith chart, through -117.5° radial line. 

 The intersection of radial line & arc marks Γin = 0.8∠-117.5°. 

 Use compass to draw |Γ| = 0.8 arc, centered on Smith chart scales, through 
SWR (VSWR) scale on bottom left.  Read VSWR = 9 . 

2) Find input impedance 
 At Γin = 0.8∠-117.5° point, locate and read/interpolate value of appropriate 

“r” circle as rin
 = 0.15.  

 At Γin = 0.8∠-117.5° point, locate and read/interpolate value of appropriate 
“x” arc  as xin

 = -0.60. 

 Put together to get normalized input impedance zin = 0.15 – j 0.60 Ω/Ω. 
 Find input impedance by multiplying zin w/ characteristic impedance to get 

Zin = Z0 zin = 75(0.15 – j 0.60)   ⇒ Zin = 11.25 – j 45 Ω. 

Z , v0 p

l

ZL

Γin  in, z ΓL L, z

f
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3) Find load reflection coefficient 
 Calculate l/λ = l f / vp = 1.242(500 × 106)/ 2 × 108 = 3.105.  Subtract 6(0.5) = 3 

(i.e., remove integer multiples of nλ/2) to get ⇒ l/λ = 0.105. 

 Leave compass set to |Γ| = 0.8 and draw circle centered on Smith chart. 

 Using radial line for ∠Γin = -117.5°, read  0.087 on the “WAVELENGTHS 
TOWARD LOAD” scale.  Add 0.087 + l/λ to get 0.192 and draw a radial line 
from the center of the Smith chart through this point on the scale. 

 Use “ANGLE OF REFLECTION COEFFCIENT IN DEGREES” scale to 
read ∠ ΓL = -41.6°. 

 Put magnitude and angle together to get ΓL = 0.8∠-41.6°. 

4) Find load impedance 
 At ΓL = 0.8∠-41.6° point, locate and read/interpolate value of appropriate “r” 

circle as rL
 = 0.8.  

 At ΓL = 0.8∠-41.6° point, locate and read/interpolate value of appropriate “x” 
arc  as xL

 = -2.4. 

 Put together to get normalized load impedance zL = 0.8 – j 2.4 Ω/Ω. 
 Find load impedance by multiplying zL w/ characteristic impedance to get ZL 

= Z0 zL = 75(0.8 – j2.4)   ⇒ ZL = 60 – j 180 Ω. 
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Example- ee481_581_Smith_chart_example_4.docx 

 
For the lossless transmission line circuit above, the frequency, length, and phase 
velocity will be left unspecified while Z0 = 75 Ω and ZL = 56.25 – j 75 Ω. 

1) Normalize and plot load impedance 
 Normalize zL = ZL / Z0 = (56.25 - j 75) / 75   ⇒ zL = 0.75 - j 1 Ω/Ω. 
 Plot zL on Smith charts by finding the intersection of the r = 0.75 circle with 

the x = -1 arc. 

2) Find load reflection coefficient, RL, and VSWR (method 1) 
 Set compass to distance between center of Smith charts and zL.  Use “REFL. 

COEFF. V or I” scale at bottom right to determine |ΓL| = 0.5 or 0.51. 
 Use straight-edge to draw radial line from center of Smith chart through zL 

and outer rings of Smith charts.  Use “ANGLE OF REFLECTION 
COEFFCIENT IN DEGREES” scale to read ∠ ΓL = -74°. 

 Put magnitude and angle together to get ΓL = 0.5∠-74° or 0.51∠-74°.  For 
comparison, the analytic result is ΓL = 0.5114∠-74.29°. 

 Use compass to draw |Γ| = 0.5 arc, centered on Smith chart scales, through 
SWR (VSWR) scale on bottom left.  Read VSWR = 3.1 . 

 Use compass to draw |Γ| = 0.5 arc, centered on Smith chart scales, through 
RETN LOSS scale on bottom right.  Read RL = 6 dB or 5.8 dB. 

3) Find VSWR (method 2) 
 Draw a circle, centered on Smith charts, through zL. 

 Read value of normalized resistance r where the |Γ| = 0.5 circle crosses the 
horizontal/real axis to the right of the origin to get rmax = VSWR = 3.1.  

Z , v0 p

l

ZL

Γin  in, z ΓL L, z
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4) Find load admittance 
 Use straight-edge to draw line from edge-to-edge of Smith charts through 

center of Smith charts and zL point. 
 Where the line intersects the |Γ| = 0.5 circle on the side opposite to zL, locate 

and read/interpolate value of appropriate “g” circle as gL
 = 0.48.  

 Where the line intersects the |Γ| = 0.5 circle on the side opposite to zL, locate 
and read/interpolate value of appropriate “b” arc as bL

 = 0.64. 
 Put together to get normalized load admittance yL = 0.48 + j0.64 S/S. 
 Find load admittance by dividing yL by characteristic impedance Z0 to get  YL 

= yL / Z0= (0.48 + j 0.64)/75  ⇒ YL = 0.0064 + j 0.0083 S = 6.4 + j 8.3 mS. 

5) Find/locate voltage and impedance maxima 
 Impedance maxima occur where the |Γ| = 0.5 circle crosses the real axis to the 

right of origin.  Read/interpolate “r” circles  to get rmax = 3.1. 
 The maximum impedance along the transmission line is found by multiplying 

rmax w/ Z0 to get Zmax = Z0 zmax = 75(3.1)   ⇒ Zmax = 232.5 Ω.  
 Voltage maxima along the transmission line occur at rmax.  Starting where the 

radial line through zL crosses the “WAVELENGTHS TOWARD 
GENERATOR” scale at 0.352, move toward the generator to the real axis to 
right of origin (rmax location) where the scale reads 0.25.  The total distance 
is (0.5-0.352) λ + 0.25λ = 0.398λ. 

 As everything repeats at λ/2 intervals on lossless TLs, the voltage maxima 
locations in distance from the load are lmax = 0.398λ + nλ/2. 

5) Find/locate voltage and impedance minima 
 Impedance minima occurs where the |Γ| = 0.5 circle crosses the real axis to 

the left of origin.  Read/interpolate “r” circles to get rmin = 0.325. 
 The minimum impedance along the transmission line is found by multiplying 

rmin w/ Z0 to get Zmin = Z0 zmin = 75(0.325)   ⇒ Zmin = 24.375 Ω.  
 Voltage minima along the TL occur at rmin.  Starting where the radial line 

through zL crosses “WAVELENGTHS TOWARD GENERATOR” scale at 
0.352, move toward the generator to the real axis left of origin (rmin location) 
where the scale reads 0.5.  The total distance is (0.5-0.352) λ = 0.148λ. 

 As everything repeats at λ/2 intervals, the voltage minima locations in 
distance from the load are lmin = 0.148λ + nλ/2. 
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Example- ee481_581_Smith_chart_example_5.docx 

 

For the lossless transmission line (TL) circuits above:  f = 1 GHz, vp = 3 × 108 m/s, 
Z0 = 50 Ω, and the TL has length ltape = 63.6 cm as measured by a tape measure.  
The wavelength is calculated to be λ = u/f = 3 × 108 / 1 × 109 = 30 cm. 

Open Circuit Termination (known load) 

For an open circuit, we know zOC = ZOC/ Z0 → ∞ and ΓOC = 1.  For the left hand 
circuit above, an input impedance of Zin,OC = -j50 Ω is measured. 

1) Normalize and plot open circuit termination input impedance 

 Normalize zin,OC = Zin,OC / Z0 = (-j 50) / 50   ⇒ zin,OC = -j 1 Ω/Ω. 
 Plot zin,OC on Smith chart by finding the intersection of the r = 0 circle (outer 

edge) with the x = -1 arc. 

2) Find length of transmission line 
 Use straight-edge to draw radial line from center of Smith chart through zin,OC 

and outer rings of Smith chart.  Where the radial line crosses the 
“WAVELENGTHS TOWARD LOAD” scale, read off 0.125. 

 The zOC → ∞ point, on the right edge of the Smith chart, reads 0.25 on the 
“WAVELENGTHS TOWARD LOAD” scale.  The distance toward the load 
from zin,OC is then l = (0.25-0.125) λ + nλ/2 = 0.125λ + nλ/2. 

 Using λ = 30 cm, the transmission line length must be l = 3.75 + n15 cm. When 
n = 4, l = 3.75 + (4)15 ⇒  l = 63.75 cm = 2.125λ, quite close to ltape = 63.6 cm. 
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Unknown Load Termination 

For the righthand circuit w/ unknown load, an input impedance of Zin =10 Ω is 
measured. 

1) Normalize and plot TL input impedance for unknown load  

 Normalize zin = Zin / Z0 = 10 / 50   ⇒ zin = 0.2 Ω/Ω. 
 Plot zin on Smith chart by finding the intersection of the r = 0.2 circle with the 

x = 0 arc/line (i.e., horizontal/real axis). 

2)  Find unknown load impedance 
 Note that the horizontal axis of the Smith chart passes through zin where the 

“WAVELENGTHS TOWARD LOAD” scale reads 0. 
 Draw a radial line from the center of the Smith chart through 0.125 (i.e., the 

TL length w/out the extra 2λ) on the “WAVELENGTHS TOWARD LOAD” 
scale. 

 Draw an arc, centered on Smith chart, from zin to the radial line at 0.125 on 
“WAVELENGTHS TOWARD LOAD” scale. 

 Read/interpolate value of normalized load resistance at intersection of arc and 
radial line as rL

 = 0.385.  
 Read/interpolate value of normalized load reactance at intersection of arc and 

radial line as xL
 = -0.925. 

 Put together to get normalized load impedance zL = 0.385 - j0.925 Ω/Ω. 
 Find load impedance by multiplying zL by characteristic impedance Z0 to get 

ZL = zL Z0= (0.385 - j0.925) 50   ⇒   ZL = 19.25 - j 46.25 Ω. 
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Example-  ee481_581_Smith_chart_slotted_line.docx 
We are using an air-dielectric 50 Ω slotted line to determine an unknown load. 
1) Attach unknown load to end of slotted line.  Moving probe back-n-forth, 

measure the voltage maxima Vmax = -5 dBmV (multiple locations) and the 
voltage minima Vmin = -15 dBmV (multiple locations). 

2) Find VSWR and magnitude of reflection coefficient |Γ| along slotted line. 
 Using Vmax = -5 dBmV = 20 log10(Vmax/1 mV), we calculate the maximum 

voltage magnitude Vmax = 10-5/20 (1 mV)    ⇒    Vmax  = 0.562 mV. 
 Using Vmin = -15 dBmV = 20 log10(Vmax/1 mV) , we calculate the minimum 

voltage magnitude Vmin = 10-15/20 (1 mV)    ⇒    Vmin  = 0.178 mV. 
 By definition, the VSWR = Vmax / Vmin = 10-5/20

 / 10-15/20
   ⇒   VSWR = 3.162.  

 Set compass using “SWR (VSWR)” scale at bottom left of Smith chart. 
 Use compass to mark “REFL. COEFF., V OR I” scale on bottom right of 

Smith chart.  Read |Γ| = 0.52. 
 Using compass, draw a circle of |Γ| = 0.52 on Smith chart.  We know that zL 

is somewhere on this circle.  Also, voltage minima Vmin for the unknown load 
occur at the rmin point on the circle where it crosses the horizontal axis to left 
of origin.  Read rmin = 0.31 Ω/Ω. 

3) Attach short circuit to end of slotted line.  Measure adjacent voltage minima at 
location l1 = 90 cm & l2 = 50 cm along the slotted line. 

4) Adjacent voltage minima are separated by half a wavelength.   
 Calculate λ/2 = 90 - 50 = 40 cm    ⇒   λ = 80 cm.   
 Bonus: frequency f = c/λ = 3 × 108 / 0.8 = 375 × 106 Hz    ⇒    f = 375 MHz. 

5) Return probe to voltage minima to location lsc,min1 = l1 = 90 cm along the slotted 
line.  This is the minimum closest to the load as my ruler measurements get 
larger toward the load.  Re-attaching the unknown load, move toward the 
generator and measure voltage minima Vmin = -15 dBmV at lunknown,min = 60 cm. 

6) Calculate the distance toward the load from the Vmin/rmin point. 
 l = |60 - 90| = 30 cm, and  l/λ = 30/80    ⇒   l/λ = 0.375. 

7) The horizontal axis of the Smith chart goes through rmin and the short circuit 
points to the left of the origin.  Draw a radial line from the center of the Smith 
chart through 0.375 on the “WAVELENGTHS TOWARD LOAD” scale. 
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8) Where the radial line at 0.375 on the “WAVELENGTHS TOWARD LOAD” 
scale intersects the |Γ| = 0.52 circle, read/interpolate values of normalized load 
resistance and reactance as rL

 = 0.58 and xL
 = 0.82. 

9) Put rL
 = 0.58 and xL

 = 0.82 together to get  
 Normalized load impedance is zL = 0.58 + j 0.82 Ω/Ω. 
 Load impedance is ZL = zL Z0 = (0.58 + j 0.82) 50  ⇒ ZL = 29 + j 41 Ω. 
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