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Lecture 8  
Overview

Topics:

 Physical and Mathematical representation of Plane optical wave incident on an 

optical EM wave detector using the Poynting vector notation.

 Photo-current given by detector area, spectral sensitivity (A/W) and light irradiance 

(intensity W/m2). Irradiance is the photo-detector time averaged magnitude of the 

Poynting Vector giving current proportional to the square of the magnitude of the 

light’s E-field. The optical frequency is not represented in the photo-current.

 Electrical Current from RF Antenna vs Photo-Current from Optical Antenna

 Physical and Mathematical representation of a light pulse train and average power 

and pulse’s peak power, energy, duty cycle
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Unlike RF frequencies using RF antennas for EM field and EM power detection, EM wave 
observation/detection at optical frequencies requires a different kind of EM field signal 
processing that involves the squaring of the time-integrated optical field. 

If the temporal frequency, v, of the EM wave is considered in the classic optical regime of the 
EM spectrum (e.g., 400 to 1700 nm wavelengths) that includes the visible and near infrared 
spectra commonly used in photonic system applications, v is on the order of 1015 Hz or 106

GHz. With an oscillatory electric field 𝐸 at such a high frequency, most optically absorbing 
materials (unlike RF antennas at much lower v) are unable to respond at these fast optical-
field variations. In effect, the optical wave-detection material is forced to respond by 
collecting optical energy over many time periods of the optical field cycle. 

In other words, the optically absorbing material implements optical field detection by time 
averaging the incident and then partly absorbed optical energy over the detection area, Ad. 

Interference in the Optical Regime of the EM Spectrum
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Note that for a nonmagnetic detection material, the classic 1884 Poynting vector is a 
cross product of two vector fields:

Ԧ𝑆 =
1

𝜇0
(𝐸 × 𝐵)

in Poynting’s energy conservation law represents EM-wave energy flux in joules/ 

second-meter2, where 𝐵 is the classic magnetic induction field, and μ0 (equal to 4π × 10-

7 H/ m) is the permeability of freespace media. 

The cross product of two vectors 𝐸 and 𝐵 is given by 𝐸 × 𝐵 = 𝐸 𝐵 𝑠𝑖𝑛𝜃 𝑛. Here, 𝑛 is 

the unit  vector normal to the plane containing the vectors 𝐸 and 𝐵, and 𝜃 is the angle 
between the two vectors.

Introduction to Poynting Vector
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Poynting Vector Incident on Photodetector
The optical field shown in Figure 4.13 can be written as the real sinusoidal traveling-wave signal in 
the z-direction given as

where 𝐸0 = 𝐸0Ԧ𝑗 with E0 the scalar amplitude of vector field strength in the j unit vector (or y-
direction) of space for the optical wave. φ = kz in radians is the optical phase of the wave 
referenced to the z = 0 travel position and k = 2π/λ is the wave-propagation constant. 
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Poynting Vector Incident on Photodetector

In the basic case shown in Figure 4.13, to compute the Poynting vector in the z-direction given by 

the unit vector 

𝑘, the plane transverse EM wave solution exists and ф = 90°. The electric and 

magnetic induction fields are aligned along the y- and x-directions, respectively. Hence, the Poynting 
vector for this real optical-wave incident on the photodetector can be written as

where 𝐸 and 𝐵 are in phase in freespace (or linear isotropic media such as glass), 𝐸 = 𝑐 𝐵 , 𝐸 is 

real, and hence, 𝐸 = 𝐸∗, where * stands for the complex conjugate operation on a given function.
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Photodetected Electrical Current id(t)

The magnitude Ԧ𝑆 of the Poynting vector represents the power per unit area (W/ m2) carried by the 

electric field in the direction of the wave travel direction. This optical-power density is absorbed by the 
optical detector of surface area Ad (in m2) for a significantly long time, T, compared to the time period of 
the optical frequency (i.e., T >> 1/ν). The electrical detection circuit connected to the optical detector 
temporally collects the photodetected electric current id(t) that represents the information in the incident 
optical wave. The photodetected current can be written as

where the I = Ԧ𝑆 is the intensity or irradiance in W/m2 of the photodetected optical wave, 

represents the time-averaging operation implemented with the photodetector in conjunction with the 
electrical charge-collection circuit, and Pd represents the power contained in the optical wave incident 
on the detector surface. Gd in A/W units is the spectral sensitivity of the optical detector and can be 
written as Gd = (ξe)/(hv), where ξ is the unitless photodetector quantum efficiency with 0 ≤ x ≤ 1, e the 
electronic charge in coulombs, h the Planck’s constant, and Pd = AdI. Hence, the photodetected current 
time averaged over T seconds can be given by

Complementary Slide
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Photodetected Electrical Current id(t)

The speed of light in vacuum 𝑐 = 1/ (𝜇0𝜀0) where 𝜀0 (equal to 8.854 × 10-12 F/ m) is the permittivity of 
freespace media. The real plane-wave optical field can also be expressed as

where 𝐸0 𝑧 = 𝐸0exp(−𝑗ϕ ) where φ = kz. Using this form of the optical field and squaring its 
representation, the photodetected current produced by the photodetector time integration is given by

The time-averaging operation of the complex exponential representing a very fast 2v optical 
frequency gives

Go to Next Slide

Complementary Slide
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Photodetected Electrical Current id(t)

As τv /T << 1 where   τv = 1/v is the time period of the optical cycle, which is much smaller than the 
photodetector integration time, T. Using the same mathematical and physical conditions, exp( j4πvt) ≈  0. 
Hence, the photodetected current is given by

where we use the identity 𝐸0(𝑧)
2
= 𝐸0 𝑧 𝐸0

∗
(𝑧) For a general plane wave not necessarily in the z-

direction, we can write the amplitude of the optical field in the form 𝐸0(𝑘. Ԧ𝑟) where 𝑘 is the 
propagation vector and Ԧ𝑟 is the optical field-position vector in Cartesian coordinate space, where the 
dot product of these two vectors sweeps a plane surface representing the plane wave front of the wave. 

Recall that for a plane incident optical wave traveling in the z-direction, 𝐸0 𝑧 = 𝐸0 exp −𝑗ϕ Ԧ𝑗, hence 
the photodetected current can be simply written as 

where the root-mean-square (RMS) value of the optical field amplitude is

Complementary Slide
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Photodetected Electrical Current id(t)

An optical plane wave such as from a continuous wave operation laser-beam incident on a photodetector 
produces a DC or constant value current that is proportional to the square of the optical field strength E0

of the wave. 

Hence, the photodetector is unable to follow the fast temporal oscillations of the inherent optical field 
and in turn gives a time-averaging produced square of the RMS value of the optical field strength. Hence, 
the optical detection operation implements a nonlinear or specifically a squaring operation on the 
incident optical field. 

The optical detector performs an electric-field mixing or multiplier operation.
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Electrical Current from RF Antenna
vs

Photo-Current from Optical Antenna

Recall in the case of an EM RF wave of electric field amplitude EA0 falling on an RF antenna, 
the detected current produced is

Thus, unlike the RF antenna detector, the optical detector does not linearly track the 
incident time-varying electric field. In fact, it is the photodetected current that is linearly 
proportional to the optical power (or optical irradiance) and written as

Thus, one can implement linear mapping from the optical power domain to the photo-
detected current (or voltage) domain.

For a slowly (compared to the superfast optical frequency) time varying optical field 
E0(t) or varying optical power Pd(t), the photo-current produced is also a time varying 
signal given by:

id(t) proportional to E0
2 (t) which is proportional to Pd(t)
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