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Version GV/1

SECTION B

Answer not more than two questions from this section

2 Consider a balanced star-connected three phase voltage supply with voltage Vphase

at each phase and a balanced star-connected load with impedance Z̄phase at each phase.

The star point of the voltage supply and the star point of the load are connected with a

conductor with impedance Z̄c. The power supply operates at 50 Hz with Vphase = 240 V

and the load impedance is Z̄phase = 100 + j20Ω.

(a) Derive the current flow through the conductor. [3]

Solution:

The balanced star connection currents form a balanced three phase set is IA+ IB + IC = 0.

From Kirchhoff’s laws we have IA + IB + IC + IN = 0. Thus, IN = 0 is the current flow

through the conductor.

(b) Calculate the power factor of the system and the line current. [5]

Solution:

The power factor of the system is

cos φ = cos

(

tan−1 ( 20
100

)

)

= 0.98.

The phase and line current of this circuit are equal and can be calculated as follows.

Īphase =
V̄phase

Z̄phase
=

240
100+ j20

= 2.31 − j0.46 A .

(c) Calculate the input power and VARs. [5]

Solution:

P = 3VphaseIphase cos φ = 3 × 240 × 2.31 = 1663.2 W

Q = 3I2
phase

X = 3 × 2.362 × 20 = 334.17 V AR

(d) Derive the required delta-connected inductors/capacitors to alter the power factor to

0.99 lagging. [8]

Solution:

As the power factor will be improved from 0.98 to 0.99 lagging, capacitors are required.

Note that capacitors do not affect P. Thus, the required Q to reach power factor (PF) equal

to 0.98 lagging can be calculated as follows.
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Qnew =
P

PF
sin(cos−1(PF)) = 1663.2

0.99
sin(cos−1(0.99)) = 236.99 V AR

For star-connected capacitors we have Xs =
V2

phase

Qs
=

2402

236.99−334.17
= −592.71Ω.

For delta-connected capacitors we need Xd = 3Xs = −1778Ω = 1
2π50Cd

. Thus, the

delta-connected capacitors must be Cd = 1.79 µF.

(e) Consider that we connect the three phase outputs of the voltage supply in series and

achieve the single phase voltage V1 −V2 +V3. Calculate the amplitude of the single phase

voltage. [4]

Solution:

As we have a balanced power supply, |V1 | = |V2 | = |V3 | = Vphase = 240 V . Moreover, V2

and V3 can be written as V2 = V1∠120◦ and V3 = V1∠240◦. Thus, the components of V2

and V3 in the direction of V1 can be written as

V2 component = Vphase cos(120) = −0.5Vphase

V3 component = Vphase cos(240) = −0.5Vphase

Thus, the component of V_1 − V_2 + V_3 in the direction of V1 is

V1 − V2 + V3 component = Vphase + 0.5Vphase − 0.5Vphase = Vphase.

The components of V2 and V3 perpendicular to V1 can be written as

V2 component = Vphase sin(120) = 0.866Vphase

V3 component = Vphase sin(240) = −0.866Vphase

and the component of V1 − V2 + V3 perpendicular to V1 is

V1 − V2 + V3 component= 0 − 0.866Vphase − 0.866Vphase = −1.732Vphase.

Thus, the amplitude of the single phase voltage is achieved as follows.

|V1 − V2 + V3 | =
√

(

V2
phase

+ (1.732Vphase)2
)

= 2Vphase = 480 V
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3 (a) 3 phase power generation is adopted throughout most of the world.

(i) Explain why 3 phase power generation is superior to other number of phases. [4]

(ii) What is the difference between 3 phase 3 wire distribution and 3 phase 4 wire

distribution? [2]

Solution:

(i) With single phase, even though less wire is used, efficiency is very low.

Two phase requires the same number of wires as three phase due to three phase

not needing a neutral wire, but it has lower efficiency. Higher number of phases

increase efficiency only marginally but extra wires are required. Hence three-phase

is adopted throughout the world.

(ii) For unbalanced loads, an extra neutral wire is included in the 3 phase 4 wire

distribution systems.

(b) (i) What is an infinite bus? Give an example where infinite bus assumption may

not hold. [3]

(ii) A national grid system is supplied by 122 generators for a total of 56 GW.

Suddenly, one of the generators operating at 7.4 GW fails. Does the infinite bus

assumption still hold? Why? [2]

(iii) What could be done to restore the grid such that infinite bus assumption still

holds? [2]

Solution:

(i) Infinite bus means fixed frequency and fix voltage. The bus is so strong that

no single generator can change neither its frequency nor its voltage. For systems not

connected to national grid, infinite bus assumption may not hold, i.e., submarine or

a farm with its own generators.

Remark: Infinite bus assumption is unrelated to the number of generators. A single

nuclear reactor running a small town would still be estimated as an infinite bus.

(ii) The supposed failure is big enough to introduce a gap between supply and

demand. Therefore, voltage and frequency fluctuations are expected. As a result,

the infinite bus assumption may not hold.

(iii) The demand should be reduced to supply level. In order to do so, either

demand similar in magnitude to the failed generator should be disconnected from

the grid or reserve capacity to replace the failed generator should be employed.

(c) A synchronous star-connected generator with 4 poles and a synchronous reactance

Page 5 of 6 (TURN OVER
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of Xs = 0.2Ω, is connected to a 50 Hz infinite bus with line voltage 33 kV.

(i) If the prime mover is set to 600 MW and the power factor at the terminals of

the machine is 0.95 lagging, find the excitation voltage. [6]

(ii) If the power factor changes to 0.7 with line voltage and the excitation voltage

that you obtained in (i) remaining unchanged, calculate the new prime mover power.

[6]

Solution:

(i)

P = 3IphVph cos θ =⇒ Iph =
P

3
Vl√
3

cos θ
= 11.0 kA

E =

√

(Vph + IphXs sin θ)2
+ (IphXs cos θ)2

= 19.9 kV = 34.4 kVline

(ii)

E =

√

(Vph + IphXs sin θ)2
+ (IphXs cos θ)2

=⇒

I2
ph

X2
s + 2IphVphXs sin θ + V2

ph
− E2

= 0

Solving the quadratic equation and using the positive root we find Iph = 5.82 kA.

The new prime mover power then becomes:

P = 3IphVph cos θ = 233 MW

END OF PAPER
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Answer Q6 

 

  

  

 

 

(a)   𝛿𝑉 = −𝐿 (𝑋2 − 𝑋1) 𝜕𝐼𝜕𝑡 =  −𝐿𝛿𝑥 𝜕𝐼(𝑥,𝑡)𝜕𝑡   ,           𝑑𝑉 𝑑𝑥⁄ =  −𝐿 𝜕𝐼 𝜕𝑡⁄         (1) 𝛿𝐼 = −𝐶 (𝑋2 − 𝑋1) 𝜕𝑉(𝑥,𝑡)𝜕𝑡 =  −𝐶𝛿𝑥 𝜕𝑉(𝑥,𝑡)𝜕𝑡  ,      𝑑𝐼 𝑑𝑥⁄ =  −𝐶 𝜕𝑉 𝜕𝑡⁄         (2) 

 

These are the Telegraphers equations. 

 

(b) From (1) and (2 )in (a) 

  𝜕𝑉𝜕𝐼 =  𝜕𝑉𝜕𝑥 . 𝜕𝑥𝜕𝐼 =  −𝐿 𝜕𝐼𝜕𝑡 . − 1𝑐 . 𝜕𝑡𝜕𝑉 =  𝐿𝐶 . 1 𝜕𝑉𝜕𝐼⁄  

 

                                      ∴ 𝜕𝑉𝜕𝐼 =𝑍0 =  √𝐿𝐶 

(c) Taking the 2nd differential of (1) in X and Substituting for dI/dx  𝜕2𝑉𝜕𝑥2 = 𝐿𝐶 𝜕2𝑉𝜕𝑡2  

Similarly takingthe 2nd differential of (2) in X and substituting for 𝑑𝑉 𝑑𝑥⁄  

               𝜕2𝐼𝜕𝑥2 = 𝐿𝐶 𝜕2𝐼𝜕𝑡2 

Both V and I are functions of distance and time i.e V= V(x,t) and I= I(x,t). As the equations take the 

form of the 2nd differential space being proportional to 2nd differential in time, they describe wave 

equations. Hence V and I behave like waves over the two parallel wires. In the general wave 

equation (data book) 
𝜕2𝑓(𝑥,𝑡)𝜕𝑥2 = 1𝐶2 𝜕2𝑓(𝑥.𝑡)𝜕𝑡2  where C is the wave velocity. Hence for the V and I waves 

C= 1 √(𝐿𝐶)⁄  The voltage pulse will also travel at wave velocity in the twisted wire transmission line.  

      

(d) (i) With values of L = 1.0 x 10-6 H m-1 and C = 2.5 x 10-11 F m-1 

C = 1 √2.5𝑥10−17⁄ = 2.0 𝑥 108 𝑚𝑠−1 ∴ the delay is time taken for the pulse to travel 2m. 

Delay τ = 10 ns 

(ii) General form of the solution to the wave equation is: 𝑉(𝑥, 𝑡) =  𝑉1𝑒𝑗(𝜔𝑡−𝛽𝑥) + 𝑉2𝑒𝑗(𝜔𝑡+𝛽𝑥) 

                 L       

I(t,x) X1                  X2 

        V(t,x)    C 

 



The pulse can be considered to be decomposed in Fourier terms to the sum of many frequency 

components. Each of the components will travel with the same velocity as we assume the values 

of L and C are frequency independent. V2 is the backward travelling wave due to reflection. In 

this case of a pulse one needs to consider reflection at the load and the subsequent reflection of 

V2 at the source.    

 

- 

  The reflection co-efficient at the load is: 

𝜌̅ = 𝑍𝐿−𝑍0𝑍𝐿+𝑍0 , 𝑍0 = √ 1.0𝑥10−62.5𝑥10−11 = 200  𝑧𝐿̅ = 300Ω 𝜌̅ = 100500 = < deg 

 The source voltage is ideal , i.e ZS=0, hence the reflection co-efficient at the source is: 

𝜌𝑠 = 𝑍̅𝑠 − 𝑍0𝑍̅𝑠 + 𝑍0 =  −1 = 1 < 180 𝑑𝑒𝑔 

 

The time variation of the voltage signal at the load is given below. Time 0 is taken to be the 

origination of the pulse at the voltage source. 

 

 

 

 

 

 

 

 

 

 

 

 

The pulse arrives at the load 10ns after it is transmitted form the source. On arrival there is 

reflection coefficient of 0.2V which gives and added value of 2V to the 10 V pulse. The 0.2V reflected 

component is transmitted to the source. At the source it is reflected by a phase angle change of 180 

degrees i.e it returns to the load as -0.2 20ns later ( 10ns to get to the source and 10ns back). This is 

now added to the 12V signal, but one needs to also consider the reflected vale of the -2V signal, this 

is an additional -0.4V, so the total to be added is -2.4V. This process continues. The end of the 

80ns          100ns 110ns  

12V 

0.384 V   0.403V  

10V 

9.6V 

10.08V 

- 1.92V 

-2. 016V 

-77mV 

0 s          10ns                                       60ns 70ns 



transmitted pulse is taken as a second signal of -10Vwhich arrives 50ns later. After this the residual 

reflected signal form the 10V signal and the new reflected components form the -10V signal need to 

be considered. This now results in signal variation every 10ns converging towards 0V.  

(iii)  In order to have to replicate the transmitted pulse exactly at the load ( with only a time 

delay τ ) the initial reflection at the load must be zero. i.e  ρ = 0 

This condition is met if 𝑍𝐿 =  𝑍0 so if the load is chosen to be 200Ω then there is no reflection at the 

load. The new pulse waveform is then: 

 

 

 

 

 

 

 

 

 

 

 

 

This shows the advantage of ‘matching’ the load to the transmission line impedance. 

(iv) To transmit at 100mbs a bit would be equivalent to a pulse of 5ns with 50% mark-space 

ratio i.e  a period of 10ns. The delay over 2m in the line is 10ns and for network cable 

the data would have to reach many loads of varying distances. But if the loads at the 

network load are all matched to the characteristic impedance of the transmission line as 

in d (iii) above, the data can be transmitted in principle at any rate. However, there will  

be varying delays in the data reaching different nodes on the network. 

 

So YES it is in principle possible to use the twisted pair transmission line for 100mbs data 

communication in a network, PROVIDED all the loads at the nodes on the network are 

matched to the transmission line.     

  

10V 

0V 

0ns   10ns                                        60ns 



Q7 (∇ ) ̅𝑋𝐸 ̅ =  −𝜕/𝜕𝑡 (𝐵 ) ̅  and  (∇ ) ̅𝑋𝐻 ̅ = 𝐽 ̅ +  𝜖_𝑜  𝜕/𝜕𝑡 (𝐷 ) ̅ 

Also 𝐵 ̅ = 𝜇_𝑜 𝐻 ̅ ∇ ̅𝑋((∇ ) ̅𝑋𝐸 ̅) =  −𝜕/𝜕𝑡(∇ ̅𝑋(𝐵 ) ̅) 

Using the vector identity 

 ∇ ̅𝑋((∇ ) ̅𝑋𝐸 ̅ ) =  ∇ ̅∇ ̅. 𝐸 ̅ − (∇^2 ) ̅𝐸 ̅  

And noting that (∇ ) ̅. 𝐸 ̅ = 𝜖_𝑜 ((∇ ) ̅. 𝐷 ̅) = 𝜌 and that  =  and J = 0 in free space (∇^2 ) ̅𝐸 ̅ =  𝜇_𝑜  𝜕/𝜕𝑡(∇ ̅𝑋(𝐻 ) ̅) 

Substituting the 2nd Maxwell equation (∇^2 ) ̅𝐸 ̅ = 𝜖_𝑜  𝜇_𝑜  𝜕^2/〖𝜕𝑡〗^2  (𝐸 ) ̅ 

Similarly noting that (∇ ) ̅. 𝐵 ̅ = 𝜇_𝑜 ((∇ ) ̅. 𝐻 ̅) = 0 (∇^2 ) ̅𝐻 ̅ = 𝜖_𝑜  𝜇_𝑜  𝜕^2/〖𝜕𝑡〗^2  (𝐻 ) ̅ 

These are both wave equations. Hence the electric field and magnetic field propagate through 

free space as waves when there is a time varying electric or magnetic field (one induces the 

other according to Maxwell’s equations) in free space. 

Taking the general case of 𝐸 ̅ =  𝐸_𝑥 (𝑎_𝑥 ) ̅ + 𝐸_𝑦 (𝑎_𝑦 ) ̅ + 𝐸_𝑧 (𝑎_𝑧 ) ̅  as all components 

have to conform to the wave equations, a general solution will have the form: 

 𝐸_𝑥 (𝑎_𝑥 ) ̅ = 𝐸_𝑥𝑜 𝑒^(±𝑗(𝜔𝑡 − 𝛽𝑧)) (𝑎_𝑥 ) ̅ + 𝐸_𝑥𝑜 𝑒^(±𝑗(𝜔𝑡 − 𝛽𝑦)) (𝑎_𝑥 ) ̅ 〖+ 𝐸〗_𝑥𝑜 𝑒^(±𝑗(𝜔𝑡 − 𝛽𝑥)) (𝑎_𝑥 ) ̅  

(as we are considering propagation in free space we do not need to consider any waves 

travelling in the -x direction as there are no boundaries to reflect from). 

 

Therefore substituting any given component into the wave equation one gets 

 𝛽^2 =  𝜖_𝑜  𝜇_𝑜 𝜔^2  and 𝜔/𝛽 = 1/√(𝜖_𝑜  𝜇_𝑜 ) . The velocity of any wave component is 

obtained by considering an observer travelling at the same speed as the wave. In which case 

the value of the electric (magnetic) field will be constant. Hence  (𝜔𝑡 − 𝛽_𝑥 𝑥) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 𝜕/𝜕𝑡 (𝜔𝑡 − 𝛽_𝑥 𝑥) = 0;  𝜕𝑥/𝜕𝑡 = 𝜔/𝛽_𝑥   is the velocity of the electromagnetic wave in the 

x direction. But form the general solution we see that this is a constant, which is the same in 

any direction.  

 

OR 

 

One could note that the general solution to the wave equation is of the form 

 (𝜕^2 𝑓(𝑟, 𝑡))/(𝜕𝑟^2 ) =   1/𝑐^2   (𝜕^2 𝑓(𝑟, 𝑡))/(𝜕𝑡^2 ) 

With c = velocity of the wave. 

Hence for the 𝐸 ̅  𝑎𝑛𝑑 𝐻 ̅ waves c = 1/(√𝜀_0 𝜇_0 ) 

 



 

Using the data book values for  𝜖_𝑜 and 𝜇_𝑜,  1/√(𝜖_𝑜  𝜇_𝑜 ) =   1/√(8.854𝑥10^(−12).4𝜋𝑥10^(−7) ) = 2.998 𝑥 10^8  𝑚𝑠^(−1).  This 

is the same as the measured velocity of visible light (see data book for velocity of light). 

Hence a general radio wave which are coupled waves of 𝐸 ̅  𝑎𝑛𝑑 𝐻 ̅ must also be a form of 

light. 

(i) Considering the Maxwell equation (∇ ) ̅𝑋𝐸 ̅ =  −𝜇_𝑜  𝜕/𝜕𝑡(𝐻 ) ̅ 

 ((𝜕𝐸_𝑧)/𝜕𝑦 − (𝜕𝐸_𝑦)/𝜕𝑧)𝑎 ̅_𝑥 + ((𝜕𝐸_𝑥)/𝜕𝑧 − 𝜕𝐸𝑧𝜕𝑥 ) 𝑎 ̅_𝑦 + (𝜕𝐸𝑦𝜕𝑥 − 𝜕𝐸𝑥𝜕𝑦 ) 𝑎̅𝑧=  −𝜇_𝑜  𝜕/𝜕𝑡(𝐻_𝑥 (𝑎_𝑥 ) ̅ + 𝐻𝑦𝑎𝑦̅̅ ̅ + 𝐻𝑧𝑎𝑧̅̅ ̅) 

 

As 𝐸̅ =  𝐸𝑥𝑎𝑥̅̅ ̅  as it is confined in the x-y plane and defined only in one direction, and it does not 

vary in the x-y plane 
𝜕𝐸𝑥𝜕𝑦 = 𝜕𝐸𝑥𝜕𝑥 = 0,  𝜕𝐸𝑥𝜕𝑧 𝑎̅𝑦 = −𝜇𝑜 𝜕𝜕𝑡 (𝐻𝑦𝑎𝑦)̅̅ ̅̅̅ 

 

And 

 − 𝜕𝐻𝑦𝜕𝑧 𝑎̅𝑥 = 𝜖𝑜 𝜕𝜕𝑡 (𝐸𝑥𝑎𝑥)̅̅ ̅̅̅ 

 

From the general solution above with only one component of 𝐸 ̅𝑎𝑛𝑑 𝐻̅ 

For a plane wave one gets 𝐸𝑥𝐻𝑦 =  𝜔𝜇𝑜𝛽  

 

From the solution to b) we know 
𝜔𝛽 = 1/√𝜖𝑜 𝜇𝑜 𝐸𝑥𝐻𝑦 =  √𝜇𝑜𝜖𝑜 = 377  

 

Which has units of ohms (Vm-1/ Am-1) and is defined as the characteristic or intrinsic impedance 

of free space. It allows one to express the magnitude of magnetic field as a constant factor of 

the orthogonal electric field magnitude and vice versa.  

ii) 

Restating Maxwell’s equations: ∇ ̅𝑋𝐸̅ =  − 𝜕𝜕𝑡 𝐵 ̅  and  ∇ ̅𝑋𝐻̅ = 𝐽 ̅ +  𝜖𝑜 𝜕𝜕𝑡 𝐷 ̅ 
Also 𝐵̅ = 𝜇𝑜𝐻̅. In a conducting medium J≠0 and 𝐽 ̅ = 𝜎𝐸̅. Note however in a conductor there is 

no net electrostatic charge. Though there is charge movement electrical neutrality is maintained e.g. 

moving electrons in conduction band always balanced by nuclear charge locally. Hence the ρ = 0 

condition is maintained. ∴  ∇2̅̅ ̅𝐸̅ =  𝜇 𝜕𝜕𝑡 (∇̅𝑋𝐻 ̅̅ ̅) =  𝜇𝜎 𝜕𝐸̅𝜕𝑡 +  𝜇𝜀 𝜕2𝐸̅𝜕𝑡2  



By substituting for a plane wave where E is only defined in the x-direction 𝐸𝑥 =  𝐸𝑥0𝑒𝑗(𝜔𝑡− 𝛾𝑐𝑧)  𝑡ℎ𝑒𝑛   − 𝛾𝑐2𝐸𝑥 = (𝑗𝜔𝜎𝜇 − 𝜇𝜀𝜔2)𝐸𝑥    𝑤𝑒 𝑢𝑠𝑒 𝑎 𝑔𝑒𝑛𝑒𝑟𝑎𝑙 𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝛾𝑐  𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑎𝑠 𝑜𝑝𝑝𝑜𝑠𝑒𝑑 𝑡𝑜 𝑡ℎ𝑎𝑡 𝑖𝑛 𝑓𝑟𝑒𝑒 𝑠𝑝𝑎𝑐𝑒 𝛽  ∴ 𝑗𝛾𝑐 = √(𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀) = 𝛼 + 𝑗𝛽 𝑈𝑠𝑖𝑛𝑔 𝜕𝐸𝑥𝜕𝑧 = −𝜇 𝜕𝐻𝑦𝜕𝑡  

𝐸𝑥𝐻𝑦 = 𝑗𝜔𝜇𝑗𝛾𝑐 = 𝑗𝜔𝜇√(𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀) = √ 𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀) = 𝜂̅ 

η is the intrinsic impedance, which is complex, for a conducting medium where σ is the 

conductivity.  

Note that when 𝜎 ≫ 𝜔𝜀  𝜂 ≅ √𝑗𝜔𝜇𝜎 =  √𝜔𝜇𝜎  ∠45 𝑑𝑒𝑔 

 

d) ( i) 

 

Intrinsic impedance of sea water. From √ 𝑗𝜔𝜇(𝜎+𝑗𝜔𝜀) = 𝜂 and noting that  σ = 4 Sm-1 which is  ≫ than 2π106 x 81X 8.85X10-12= 4.5 x 10-3 

 

Hence η = √2𝜋106𝑥4𝜋10−74 . 1√2 (1 + 𝑗)   ⌈𝜂⌉ =  1.4Ω 

From c) (ii) above 

 

Jγc = α + jβ and  𝐸𝑥 =  𝐸𝑥0𝑒𝑗(𝜔𝑡− 𝛾𝑐𝑧)   
Hence 𝐸𝑥 =  𝐸𝑥0𝑒−𝛼𝑧+𝑗(𝜔𝑡− 𝛽𝑧) 𝑎𝑛𝑑 𝛼 + 𝑗𝛽 =  √(𝑗𝜔𝜇(𝜎 + 𝑗𝜔𝜀)  𝑠𝑖𝑛𝑐𝑒 𝜎 ≫ 𝜔𝜀  𝛼 = 𝛽 =  √𝜔𝜇𝜎2 =  3.97 

Electric field intensity in the sea water is given by the fraction transmitted into the sea at the sea air 

interface. The transmission co-efficient is given as: Τ̂ = 2𝜂̂𝜂̂ + 𝜂0̂ = 2.8∠452.8∠45 + 377 = 7.43𝑋10−3∠44.8 

 

  

The electric field in sea water is therefore  



𝐸𝑥 =  |Τ ̂|𝐸𝑥0𝑒−𝛼𝑧+𝑗(𝜔𝑡− 𝛽𝑧) 

There is an exponential decay term with -αz. The maximum when z=0. Therefore the maximum of 

the sinusoidally time varying electric field at z=0 is; 𝐸𝑥𝑚𝑎𝑥−𝑠𝑒𝑎 = 7.43𝑋10−3 . 4000 = 29.72 𝑉𝑚−1  

(iii) 

The average power density for a plane wave resulting from Poynting’s theorem in free space is 𝑆̅ = 𝐸̅𝑋𝐻̅ = 
12 . 𝐸𝑥02𝜂  

In sea water η is complex .i.e there is a phase shift between 𝐸̅ 𝑎𝑛𝑑 𝐻̅. 

 Also 𝐸𝑥𝑜  𝑣𝑎𝑟𝑖𝑒𝑠 𝑎𝑠 |Τ̂|𝐸𝑥𝑜𝑒−𝛼𝑧 

Therefore the average power density in the sea water at any location z normal to the 

surface is 

 𝑆̅ = 𝐸̅𝑋𝐻̅ =Re( 
12 . |𝑇|̂2  𝐸𝑥02𝜂̿ 𝑒−2𝛼𝑧) =  12 . 29.722. cos 451.4 . 𝑒−2(3.97)𝑧 = 223.1𝑒−7.94𝑧 

The receiving antenna on the submarine has an area of 1m2 and has to collect 12pW ∴ 𝑙𝑛 [12 𝑋 10−12223.1 ] = −7.94𝑧      − 30.55 =  −7.94𝑧     𝑎𝑛𝑑 𝒛 = 𝟑. 𝟗 𝒎 

 




