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Preliminary Solutions to Problems and Question 

Chapter 2 
 

Note: Printing errors and corrections are indicated in dark red. Currently none reported.  

2.1   Symmetric dielectric slab waveguide Consider two rays such as 1 and 2 interfering at point P 
in Figure 2.4  Both are moving with the same incidence angle but have different m wavectors just 
before point P.  In addition, there is a phase difference between the two due to the different paths taken 
to reach point P. We can represent the two waves as E1(y,z,t) = Eocos(tmymz + ) and E2(y,z,t) = 
Eocos(tmymz) where the my terms have opposite signs indicating that the waves are traveling in 
opposite directions.  has been used to indicate that the waves have a phase difference and travel 
different optical paths to reach point P. We also know that m =k1cosm and m = k1sinm, and obviously 
have the waveguide condition already incorporated into them through m. Show that the superposition of 
E1 and E2 at P is given by 
   )cos()cos(2),,( 2

1
2
1   ztyEtzyE mmo  

What do the two cosine terms represent?  

 The planar waveguide is symmetric, which means that the intensity, E2, must be either maximum 
(even m) or minimum (odd m) at the center of the guide. Choose suitable  values and plot the relative 
magnitude of the electric field across the guide for m = 0, 1 and 2 for the following symmetric dielectric 
planar guide : n1 = 1.4550, n2 = 1.4400, a = 10 m, = 1.5 m (free space), the first three modes have 
1 = 88.84, 2 = 87.673 = 86.51. Scale the field values so that the maximum field is unity for m = 0 
at the center of the guide. (Note: Alternatively, you can choose  so that intensity (E2) is the same at the 
boundaries at y = a and y = a; it would give the same distribution.) 

Solution  

)cos()cos()( zztEzztEyE mmommo      

Use the appropriate trigonometric identity (see Appendix D) for cosA + cosB to express it as a product 
of cosines 2cos[(A+B)/2]cos[(AB)/2], 

  )cos()cos(2),,( 2
1

2
1   ztyEtzyE mmo  

The first cosine term represents the field distribution along y and the second term is the propagation of 
the field long the waveguide in the z-direction. Thus, the amplitude is 

  Amplitude = )cos(2 2
1  yE mo  

The intensity is maximum or minimum at the center. We can choose  = 0 ( m = 0),  =   ( m = 1),  = 
2 ( m = 2), which would result in maximum or minimum intensity at the center. (In  fact,  = m). The 
field distributions are shown in Figure 2Q1-1. 
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Figure 2Q1-1 Amplitude of the electric field across the planar dielectric waveguide. Red, m = 0; blue, m = 1; 
black, m = 2.  

 

2.2  Standing waves inside the core of a symmetric slab waveguide  Consider a symmetric planar 
dielectric waveguide. Allowed upward and downward traveling waves inside the core of the planar 
waveguide set-up a standing wave along y. The standing wave can only exist if the wave can be 
replicated after it has traveled along the y-direction over one round trip. Put differently, a wave starting 
at A in Figure 2.51 and traveling towards the upper face will travel along y, be reflected at B, travel 
down, become reflected again at A, and then it would be traveling in the same direction as it started. At 
this point, it must have an identical phase to its starting phase so that it can replicate itself and not 
destroy itself. Given that the wavevector along y is m, derive the waveguide condition.  

 

Figure 2.51  Upward and downward traveling waves along y set-up a standing wave. The condition for setting-up a 
standing wave is that the wave must be identical, able to replicate itself, after one round trip along y. 

Solution 

From Figure 2.51 it can be seen that the optical path is  

aBAAB 4  

With the ray under going a phase change   with each reflection the total phase change is  

 24  ma  
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The wave will replicate itself, is the phase is same after the one round-trip, thus 

ma m  224   

and since mmm

n
k 


 cos

2
cos 1

1   we get  





m

an
mm cos

)2(2 1  

as required.  

 

2.3  Dielectric slab waveguide   

(a) Consider the two parallel rays 1 and 2 in Figure 2.52. Show that when they meet at C  at a 
distance y above the guide center, the phase difference is 

   m = k12(a  y)cosmm 

(b) Using the waveguide condition, show that 

   )()( mmm m
a

y
my     

(c) The two waves interfering at C can be most simply and conveniently represented as  

)](cos[)cos()( ytAtAyE m      

Hence find the amplitude of the field variation along y, across the guide. What is your conclusion?  

 

Figure 2.52 Rays 1 and 2 are initially in phase as they belong to the same wavefront. Ray 1 experiences total internal 
reflection at A. 1 and 2 interfere at C. There is a phase difference between the two waves. 

Solution 

(a) From the geometry we have the following: 

  (a y)/AC = cos

and  C/AC = cos(2) 

The phase difference between the waves meeting at C is 

   = kAC kAC = k1AC k1ACcos(2) 

© 2013 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This publication is protected by Copyright and written permission should be obtained from the publisher prior 
to any prohibited reproduction, storage in a retrieval system, or transmission in any form or by any means, electronic, mechanical, photocopying, recording, or likewise. 
For information regarding permission(s), write to: Rights and Permissions Department, Pearson Education, Inc., Upper Saddle River, NJ 07458.



Solutions Manual (Preliminary) Chapter 2 2.5 
3 February 2013 
 

   = k1AC[1  cos(2)] k1AC[1 +  cos(2)] 

   = k1(a y)/cos][ 1 + 2cos2   1]

   =k1(a y)/cos][2cos2]

   = k1(a y)cos

(b) Given,  

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
  

Then,  m
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m
yakyak  
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  )()( mm m
a

y
my   )()( mmm m

a

y
my     

(c) The two waves interfering at C are out phase by , 

  )](cos[)cos()( ytAtAyE m   

where A is an arbitrary amplitude. Thus, 

   )(cos)](cos[2 2
1

2
1 yytAE mm    

or     )cos()(cos2 2
1  tyAE m   = Eocos(t + ) 

in which m/2, and cos(t +) is the time dependent part that represents the wave phenomenon, 
and the curly brackets contain the effective amplitude. Thus, the amplitude Eo is 

  



  )(

22
cos2 mo m

a

ym
AE 

 

To plot Eo as a function of y, we need to find m for m = 0, 1 , 2…The variation of the field is a 
truncated) cosine function with its maximum at the center of the guide. See Figure 2Q1-1. 

2.4  TE field pattern in slab waveguide  Consider two parallel rays 1 and 2 interfering in the guide 
as in Figure 2.52. Given the phase difference 

   )()( mmm m
a

y
my    

between the waves at C, distance y above the guide center, find the electric field pattern E (y) in the 
guide. Recall that the field at C can be written as )](cos[)cos()( ytAtAyE m  . Plot the field 

pattern for the first three modes taking a planar dielectric guide with a core thickness 20 m, n1 = 1.455 
n2 = 1.440, light wavelength of 1.3 m. 
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Figure 2.52 Rays 1 and 2 are initially in phase as they belong to the same wavefront. Ray 1 experiences total internal 
reflection at A. 1 and 2 interfere at C. There is a phase difference between the two  

Solution 

The two waves interfering at C are out phase by , 

  )](cos[)cos()( ytAtAyE m   

where A is an arbitrary amplitude. Thus, 

  

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
  )(
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cos2  =  Eocos(t + ) 

in which m/2, and cos(t +) is the time dependent part that represents the wave phenomenon, 
and the curly brackets contain the effective amplitude. Thus, the amplitude Eo is 

  



  )(
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ym
AE 

 

To plot Eo as a function of y, we need to find m for m = 0, 1 and 2 , the first three modes. From 
Example 2.1.1 in the textbook, the waveguide condition is 

  mm mka  cos)2( 1  

we can now substitute for m which has different forms for TE and TM waves to find,  
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TM waves )(
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The above two equations can be solved graphically as in Example 2.1.1 to find m for each choice of m. 
Alternatively one can use a computer program for finding the roots of a function.  The above equations 
are functions of m only for each m.  Using a = 10 m,  = 1.3 m, n1 = 1.455 n2 = 1.440, the results are: 

TE Modes  m = 0  m = 1  m = 2 

m (degrees)  88.84    

m (degrees)  163.75  147.02  129.69

TM Modes  m = 0  m = 1  m = 2 

m (degrees)  88.84    

m (degrees)  164.08  147.66  130.60 

There is no significant difference between the TE and TM modes (the reason is that  n1 and n2 are very 
close). 

 

Figure 2Q4-1 Field distribution across the core of a planar dielectric waveguide 

We can set A = 1 and plot Eo vs. y using 

  



  )(

22
cos2 mo m

a

ym
E 

 

with the m and m values in the table above. This is shown in Figure 2Q4-1. 
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2.5  TE and TM Modes in dielectric slab waveguide  Consider a planar dielectric guide with a core 
thickness 20 m, n1 = 1.455 n2 = 1.440, light wavelength of 1.30 m. Given the waveguide condition, 
and the expressions for phase changes   and  in TIR for the TE and TM modes respectively, 
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using a graphical solution find the angle  for the fundamental TE and TM modes and compare their 
propagation constants along the guide. 

Solution 

The waveguide condition is 

  mm mka  cos)2( 1  

we can now substitute for m which has different forms for TE and TM waves to find,  
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The above two equations can be solved graphically as in Example 2.1.1 to find m for each choice of m. 
Alternatively one can use a computer program for finding the roots of a function.  The above equations 
are functions of m only for each m.  Using a = 10 m,  = 1.3 m, n1 = 1.455 n2 = 1.440, the results are: 

TE Modes  m = 0      

m (degrees)  88.8361 

m = k1sinm   7,030,883 m-1     

TM Modes  m = 0      

m (degrees)  88.8340  

m= k1sinm    7,030,878m-1

Note that 5.24 m-1 and the -difference is only 7.510-5 %. 

The following intuitive calculation shows how the small difference between the TE and TM waves can 
lead to dispersion that is time spread in the arrival times of the TE and TM optical signals. 
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Suppose that  is the delay time between the TE and TM waves over a length L. Then, 

  
)rad/s 1045.1(

)m 24.5(11
15

1
TMTE

TMTE 





 










vvL
 

    = 3.610-15 s m-1 = 0.0036 ps m-1. 

Over 1 km, the TE-TM wave dispersion is ~3.6 ps. One should be cautioned that we calculated 
dispersion using the phase velocity whereas we should have used the group velocity. 

 

2.6 Group velocity  We can calculate the group velocity of a given mode as a function of frequency 
 using a convenient math software package.  It is assumed that the math-software package can carry 
out symbolic algebra such as partial differentiation (the author used Livemath, , though others can also 
be used). The propagation constant of a given mode is  = k1sin where  and  imply m and m. The 
objective is to express  and  in terms of . Since k1 = n1/c, the waveguide condition is 
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where Fm() and a function of  at a given m. The frequency  is given by 
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 Both  and  are now a function of  in Eqs (1) and (2). Then the group velocity is found by 
differentiating Eqs (1) and (2) with respect to  i.e. 
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gv    Group velocity, planar waveguide (3) 

where Fm  = dFm/d is found by differentiating the second term of Eq. (1). For a given m value, Eqs (2) 
and (3) can be plotted parametrically, that is, for each  value we can calculate  and vg and plot  vg vs. 
.  Figure 2.11 shows an example for a guide with the characteristics in the figure caption. Using a 
convenient math-software package, or by other means, obtain the same vg vs. behavior, discuss 
intermodal dispersion, and whether the Equation (2.2.2)  is appropriate. 

 

Solution 
[Revised 4 February 2013] 

The results shown in Figure 2.11, and Figure 2Q6-1 were generated by the author using LiveMath based 
on Eqs (1) and (3). Obviously other math software packages can also be used. In the presence of say two 
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	Fermi energy at 0 K for metals = 3.15 eV
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	K = 164 eV
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	From Ch.1, the absorption coefficient is given by
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	Clearly, the diffusion component dominates the recombination component.
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	II.  Recombination component
	In this case, the recombination component is about two times larger than the diffusion component.
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	Figure 3Q16-1 Highly idealized heterojunction based on (top) n-Ge/P-GaAs, (bottom) p-Ge/N-GaAs
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	(a) The bandgap decreases with temperature
	(b) Use the peak emission wavelength to find Eg as follows:
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	(c) The bandgap Eg of the ternary alloys AlxGa1-xAs follows the empirical expression,
	Solving for x we find, x = 0.05 or Al0.05Ga0.95As
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	Solution
	Assume m ( in so that
	Assume m ( in so that
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	Figure 3Q32-1  Plot of 1/2 vs. 2. The data can be fitted with a straight line.
	The best line forced through zero is
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	The minimum energy
	Notice that the first term is the most significant.
	The ny which is needed to get the same energy as the first term
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	The first order diffracted beams when i = 60( is at m = 29.9(. m = 1 is the only possible value.
	Solution
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	SLED
	Po = (0.00556)I0.925
	Correlation coefficient in terms of R2  = 0.9979
	ELED
	Po = (0.0306)I0.857
	Correlation coefficient in terms of R2  = 0.997
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	(a)  For simplicity consider the fall time F. The decay in the output is exponential and follows
	Solution
	Solution
	The collected current is
	(b)
	(c)
	When Q1 is on, VCE = 0.25 V, so that the collector current through Q1 is
	This current is shunted through Q1. The expected base current is
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	Figure 5Q04-1 Dependence of photogeneration on the wavelength for a typical p+n junction photodiode. The useful photogeneration region is from x = p – Le to x = p + W + Lh. Le is the diffusion length of electrons in the p-side to the depletion regio...
	Figure 5.47 The responsivity of a commercial G pn junction photodiode
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	Figure 5Q05-1 Responsivity vs. wavelength for a commercial Ge photodiode
	Table 5Q05
	Figure 5Q05-2 The absorption coefficient depends on the temperature
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	Solution
	Solution
	Figure 5Q09-1 Absorption coefficient vs wavelength from Figure 5.5
	Solution
	Table 5Q11-1 Maxium QEs for InGaAs PD, two Si PDs and a Ge PD. See Figures 5Q11-1, 2 and 3.
	Solution
	Solution
	Figure 5Q13-1  An infinitesimally short light pulse is absorbed throughout the depletion layer and creates an EHP concentration that decays exponentially
	Figure 5Q13-2 Transient photocurrent from a pin photodiode pulsed with a very short duration light absorbed throughout the device.
	Solution
	Solution
	Figure 5Q15-1 shows an Excel plot of (11/M) vs Vr.
	Solution
	Solution
	The field E = 4.6×105 V cm-1, and the width of N-layer is 1m, we can calculate
	Solution
	hole lifetime (  = 1 (s The photoconductive gain,
	Solution
	Solution
	(a) According to equation (5.12.6, we know Iph = RPo=0.9×3 nW = 2.7 nA.
	The noise current is
	in = [2e(Id + Iph)B]1/2 = 1.57×10-9 A = 1.57 nA.
	SNR can be calculated
	= 3.0 or 4.7 dB
	(b)  At (20 (C, Id = 0.15 nA, and other conditions are same. Thus, in = [2e(Id + Iph)B]1/2 = 0.955 nA, significantly less than at room temperature. SNR can be calculated as
	= 7.98 or 9.0 dB
	(a) Since the bandwidth has changed to 10 MHz, and dark current is 0.15 nA at 20(C.
	in = [2e(Id + Iph)B]1/2 = 9.56×10-11 A = 95.5 pA
	and  = 800 or 29.0 dB
	Conclusion: Clearly we can gain higher SNR but at the expense of bandwidth.
	Solution
	The load resistance RL and the input capacitance Cin are in parallel so that Cin shunts the current so that the signal Vsignal appearing at the input of the amplifier rolls off at high frequencies. The cut-off frequency and hence the bandwidth can be ...
	= 368 kHz
	(a) Show that the noise equivalent power of a photodiode is given by
	(b) Given the dark current Id of a PD, show that for SNR = 1, the photocurrent is
	Solution
	Table 5.11 Photosensitive area and NEP for a collection of Si photodiodes
	Table 5.12 Photosensitive area and NEP for a collection of InGaAs photodiodes at 10 (C.
	Figure 5Q29-1  Plot of logF vs. logM and the best line through the origin to find F = Mx. (Excel used.)
	Solution
	Solution
	(a) CMOS: The image photons generate a photocurrent, a signal, Isignal, in the photodiode within a pixel as in Figure 5.35 (b). The photocurrent signal Isignal is integrated on the pixel capacitor Cpx to give rise to a signal charge Qsignal, which is ...
	Solution
	(a) The optical imaging area = 1024×(24×10-4 cm) ×1024×(24×10-4 cm) = 6.0 cm2.
	2 MHz is the speed for clocking the columns to the output register as in Figure 5Q32-1. There are 1024 columns. Thus, the time needed to transfer the whole image would be
	1024 × Frequency-1 = 1024 (2×106 s-1)-1 = 0.51 ms
	This is the time it takes to read the charges on the pixels of the image sensor. It is not the time it takes to capture the image. The image is captures by first exposing the sensor to the image. During exposure, the photons from the image generate th...
	Solution
	Solution
	From Example 5.14.2, the photocurrent is given by
	where I is the intensity of light. The magnitude of the short circuit current is, of course, the photocurrent so that
	To find the open circuit voltage we need to assume value for the ideality factor . The new open circuit voltage is
	(a) Show that
	(b) Plot I vs. V for a polycrystalline Si solar cell that has  = 2 and Io = 310-4 mA, for an illumination such that Iph = 5 mA. Use Rp = ∞, 1000  and then Rp = 100 . What is your conclusion?
	Solution
	Figure 5Q35-1 The equivalent circuit for a solar cell
	(b)  Figures 5Q35-1 and 2 show the plot I vs. V for a polycrystalline solar cell that has  = 2 and Io = 310-4 mA, for an illumination such that Iph = 5 mA, when Rp = ∞ (blue), 1000 (red) and then Rp = 100  (green).
	Clearly, the open circuit voltage drops with decreasing Rp, and the curves become broader, that is, have smaller fill factors. Once Rp drops below 100 , the effects become more pronounced.
	Conclusion: Lower Rp decreases the OC voltage and reduces the available output power.
	Solution
	Consider the equivalent circuit shown in Figure 5Q36-1. We set remove Rp (= ()
	Figure 5Q36-1 The equivalent circuit for a solar cell
	Solution
	Figure 5Q37-1 The definitions of solar latitude  and geographic latitude , and their relationship. Notice that  +  = /2.
	Figure 5Q37-2 Light intensity vs. solar latitude 
	= 0.736 kW m-2
	Io = 2.7710-11 A
	= 0.523 V


