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 LASER NOISE AND ITS IMPACT ON THE PERFORMANCE OF INTENSITY-
MODULATION WITH DIRECT-DETECTION ANALOG PHOTONIC LINKS 

 
 
 
 
 

EXECUTIVE SUMMARY 
 

• The equations for radio-frequency gain, radio-frequency noise figure, compression 
dynamic range and spurious-free dynamic range are derived for an analog photonic link 
employing intensity modulation and direct detection. 

 
• The impact of laser noise on the above-referenced performance metrics is derived. 
 
• The procedure for measuring laser noise is demonstrated. 

 
• The measured laser noise spectra of lasers suitable for analog photonics are shown. 

 1

_______________
Manuscript approved June 14, 2007. 



LASER NOISE AND ITS IMPACT ON THE PERFORMANCE OF INTENSITY-
MODULATION WITH DIRECT-DETECTION ANALOG PHOTONIC LINKS 

 
 
  

 
 

1   INTRODUCTION 
 
 Photonics offers numerous advantages over traditional radio-frequency (RF) hardware for 
various analog applications.  Such advantages include decreased size and weight, increased 
flexibility, invulnerability to electromagnetic interference, larger bandwidth in fiber and 
decreased signal loss in fiber.  Long-haul analog applications such as antenna remoting [1],[2], 
radio over fiber [1] and optoelectronic oscillators [3] benefit from the very low signal loss in 
fiber, typically 0.5 dB/km in any RF band.  Short-reach applications of analog photonics include 
wideband signal processing and manipulation for electromagnetic warfare and radar demands 
[4],[5].  In addition, analog photonics has proven useful for other arrayed-radar [6],[7] 
applications.  In all of the above examples and in any other analog photonic application, the noise 
due to the lasers involved is of the utmost importance. 
 In this report, we will quantitatively demonstrate the effects that laser noise has on an analog 
photonic system.  The metrics that completely describe an analog photonic system, namely, RF 
gain, RF noise figure, compression dynamic range and spurious-free dynamic range, will be 
derived for an intensity-modulation direct-detection format in Section 2.  These metrics are 
derived in general with special attention paid to the impact that laser noise has on the 
performance.  In Section 3, the experimental procedure for measuring laser noise will be 
demonstrated in detail.  The results of noise measurements on lasers that are suitable for analog-
photonic applications will be given in Section 4 and the report is concluded in Section 5.  This 
report is brief but self-contained, assuming a vague familiarity with analog systems and 
photonics. 
 
 
2   IMDD PERFORMANCE METRICS 
 
 Here we derive the RF gain, RF noise figure, compression dynamic range and spurious-free 
dynamic range for an analog photonic link employing intensity-modulation with direct-detection 
(IMDD).  The impact of laser power and noise on these performance metrics is demonstrated 
explicitly. 

The IMDD architecture is shown in Fig. 1 and consists of a transmit laser, a push-pull 
LiNbO3 Mach-Zehnder modulator (MZM) and a p-i-n photodiode.  The analog signal and DC 
bias at the MZM input comprise the total drive voltage for the photonic link.  As will be detailed 
below, this drive voltage induces a phase shift on the optical electric field as it traverses the 
electrooptic LiNbO3 material, which is converted into amplitude modulation in the 
interferometric configuration such that it can be demodulated with the photodiode.  Note that the 
development here assumes a push-pull, or balanced, MZM (an unbalanced MZM yields a 
different optical field but the same RF performance). 
 The mathematical analysis of the link in Fig. 1 is carried out in the time domain.  We first 
write the electric field at the laser output as ( ) tiePtE o

ino,in 2 ωκ= , where Po,in is the optical power 
at angular frequency  ωo.    Here   κ   is   a   constant   relating   optical   field   and   optical   
power such that ( )2

in
*
inino, 2κEEP = .  Next, we represent the drive voltage as ( ) =tVdrive  

,  where  Vdc  is the DC  bias voltage,  Vrf  is  the analog  voltage amplitude and the  tVV Ω+ sinrfdc
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Fig. 1.  Intensity modulation with direct detection photonic link employing a laser, Mach-Zehnder modulator (MZM) 
and p-i-n photodiode. 
 
 
analog drive frequency is π2rf Ω=f .  In the push-pull configuration, this drive voltage produces 
a phase shift of ( ) ( ) tt Ω+= sin22 rfdc φφφ  in one arm of the MZM and ( )tφ−  in the other arm, 
where φdc is the phase shift due to the DC  bias and φrf  the amplitude of the sinusoidal phase shift.  
The static and analog phase shifts are related to the drive voltage by  ( )dcπ,dcdc VVπφ =  and 

( )rfπ,rfrf VVπφ =  where Vπ is the voltage required to produce a phase shift of π radians.  Note that 
Vπ is a frequency-dependent characteristic of the LiNbO3 MZM that quantifies how well voltage 
is converted to an index change through the electrooptic effect.  Assuming ideal 50/50 coupling at 
the input and output of the MZM, the electric fields at the output of the MZM can be calculated 
using 
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where αmzm is the optical power loss factor for the MZM.  Carrying out the transfer of the MZM 
(1), we then have 
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We arbitrarily choose  as the propagated field and calculate the optical power at the link 
output as 

( )tE1

 

( ) ( ) ( ) ( )([ tPtEtEtP φαα )]
κ

α 2cos1
2
1

2 ino,mzmlink2
1

*
1link

outo, −==                              (3) 

 
where αlink is the link optical power loss factor.   

The total photocurrent is calculated using the definition ( ) outo,PtI ℜ≡ , where ℜ  is the 
photodiode responsivity in A/W.  Inserting this into (3) and expanding yields 

 

( ) ( ) ( ) ( ) ( )[ ]ttPtI Ω+Ω−ℜ= sinsinsinsincoscos1
2
1

rfdcrfdcino,mzmlink φφφφαα  .              (4) 
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Next, we define ( ) 2ino,mzmlink Pααζ ℜ≡  and use the identities ( ) =θsincos x  

 and , where Jm is the mth-

order Bessel function of the first kind, to rewrite (4) as 

( ) ( ) ( )∑
∞

=

+
1n

n20 n2cos2 θxJxJ ( ) ( ) ( )[∑
∞

=
+ +=

0n
1n2 1n2sin2sinsin θθ xJx ]

]

 

( ) ( ) ( )[ ] ( ) ( ) ( )

( ) ( ) ( )[ ]∑

∑
∞
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∞

=

Ω++

Ω−−=

0n
rf1n2dc

1n
rfn2dcrf0dc

1n2sinsin2
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tJJtI

φφζ
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Equation (5) is a very important result.  The first term describes a DC component, the second RF 
components at even harmonics of the modulation frequency and the third RF components at the 
fundamental frequency and odd harmonics.  The weighting of these components can be 
controlled, at least in part, by adjusting the DC bias.  For example, the MZM can be biased at 
“peak” when φdc = (2k + 1)π , “null” when φdc = 2kπ  or “quadrature” when φdc = (2k + 1)π /2 (k is 
an integer).  With the MZM at quadrature, (5) becomes 
 

( ) ( ) ( )[∑
∞

=
+ Ω++=

0n
rf1n2dcdc 1n2sin2 tJIItI φ                                       (6) 

 
where we have identified the DC photocurrent as ζ=dcI .  Given the signal photocurrent in (6), 
we can then calculate the RF output power at the fundamental frequency as ( ) 2out

2
outrf, ZIP Ω=  

where IΩ is the coefficient of the analog term at angular frequency Ω and Zout is the output 
impedance of the link.  Using this definition we have 
 

( ) outrf
2
1

2
dcoutrf, 2 ZJIP φ= .                                                      (7) 

 
 Given the RF output power (7), we can now calculate the RF gain using the definitions 

inrf,outrf,rf PPG ≡  and ( )in
2

rfinrf, 2ZVP ≡  where Zin is the input link impedance.  The RF gain is 
then 
 

( )
2

rf

outinrf
2
1

2
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rf
4

V
ZZJIG φ

=   .                                                     (8) 

 
Most often, the small-signal gain, that is, the gain in the linear operating regime, is the most 
important.  This region is defined by the inequality Vrf << Vπ, or equivalently, φrf << 1.  This 
condition allows us to use the approximation ( ) ( )!m2mm

rfrfm φφ ≈J  to write the small-signal gain 
as 
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2
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IG π⎟⎟
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=                                                      (9) 
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where we have also used the definition of φrf.  In Fig. 4, Grf,ss is plotted as a function of  Idc,  
showing  a  photonic  link can exhibit  gain and  in  that sense act as an RF amplifier.  It is of 
particular importance to note that , where Plaser is the laser output power.  
The considerations in terms of optimizing gain in an IMDD link therefore include the amount of 
laser power available, the insertion loss of the entire link, power handling of the components 
(especially the photodiode) and the Vπ of the MZM.  The first three considerations aim at 
maximizing Idc; there are tradeoffs between MZM insertion loss and Vπ that must be considered.  
However, as with any RF component or system, the noise performance and linearity of an IMDD 
link must be considered along with the gain. 

2
laser

2
ino,

2
dcrf PPIG =∝∝

The noise in an analog photonic link is of particular importance in the derivation of RF noise 
figure (NFrf), compression dynamic range (CDR) and spurious-free dynamic range (SFDR).  
There are three sources of noise in an unamplified analog photonic link: thermal noise, detector 
shot noise and laser noise.  (Noise associated with optical amplification is treated in detail in [8]-
[11].)  Thermal or Johnson noise [12] is a spectrally white noise associated with a resistor in 
thermal equilibrium.  For matched resistors in thermal equilibrium at a temperature T, the thermal 
noise power spectral density delivered from one resistor to the other is kBT where kB is 
Boltzmann’s constant.  For an analog photonic link, thermal noise is present at the link input and 
the link output.  The noise power spectral density at the link output due to thermal noise at the 
link input is given by 

 
TkGN Bssrf,ith =                                                             (10) 

 
where Grf,ss is given by (9).  Equation (10) describes thermal noise at the link input that is 
modulated onto the laser and in that sense is a signal that sees the link gain.  The thermal noise 
power spectral density delivered from the link output to a matched load is 
 

TkN Both = .                                                             (11) 
 

Like thermal noise, detector shot noise [13] is spectrally white.  The mean squared shot noise 
current spectral density at the link output is given by  where e is the electronic charge 
constant (taken to be positive) and Idc is again the DC photocurrent.  Given  the noise power 
spectral density at the link output due to shot noise is 

dc
2
sh 2eIi =

2
shi

 
outdcsh 2 ZeIN = .                                                          (12) 

 
The noise due to the transmit laser in a photonic link cannot be written analytically.  The laser 

noise spectrum in the RF domain at the link output depends on the specific laser; sources of noise 
include the relaxation oscillation, spontaneous emission, mode-competition, cavity instability, 
loss fluctuations, and pump instability.  Laser noise is typically specified as relative intensity 
noise (RIN).  In terms of noise power spectral density due to a laser at the link output, Nlaser, the 
RIN for a laser is 

  

out
2
dc

laser
laser ZI

NRIN =  ,                                                         (13) 

 
that is, the noise power spectral density associated with the laser relative to the DC power at the 
link output.  For reasons that will soon be apparent, it is quite useful to treat all of the noise 
sources in terms of RIN.  Therefore, we define the total output-referenced generalized relative 
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intensity noise as ( )out
2
dctotaltotal ZINRIN ≡  where Ntotal is the total output noise power spectral 

density.  At this point, Ntotal = Nlaser + Nith + Nsh + Noth and we can therefore write the RIN 
contributions for the remaining noise sources as 
 

2
π

inB
2

ith V
TZkRIN π

=                                                        (14) 

 

out
2
dc

B
oth ZI

TkRIN =                                                           (15) 

 

dc
shot

2
I

eRIN =                                                             (16) 

 
where we have used (10)-(12).  From here, we will derive the remaining RF metrics in terms of 
RINtotal. 
 The noise figure of an analog link is the degradation in signal-to-noise ratio incurred through 
the link and is defined as outinrf SNRSNRNF ≡  where SNRin and SNRout are the signal-to-noise 
ratios at the input and output of the link, respectively.  We can rewrite NFrf as 

( ) inoutrfoutintotalinrf NNGSNNSNF == , where Sin and Sout are the input and output signal powers, 
respectively, and Nin is the input noise power spectral density.  Strictly, NFrf is a function of Sin in 
the sense that Grf is not linear.  However, NFrf as a metric is typically assumed to be defined 
under small-signal drive.  Given this assumption, we can use (9) and the definition of RINtotal to 
write 
 

inB
2

2
πtotal

rf TZk
VRINNF

π
=                                                         (17) 

 
where we have assumed a thermally-limited input.  The calculated noise figure for IMDD is 
shown in Fig. 4 as a function of Idc.  In Fig. 4, NFrf is shown with no RINlaser and for various 
values of RINlaser, demonstrating that laser noise can significantly limit the performance of an 
analog photonic link below what is fundamentally possible. 

In addition to gain and noise figure, the linearity of an RF device or system must be 
considered.  The two most-commonly-used metrics to describe linearity are CDR and SFDR.  The 
CDR is defined as the range of input powers over which the output power is above the noise floor 
and not more than 1-dB compressed.   This concept is shown geometrically in Fig. 2, where data 
from an IMDD link are employed.  Using Fig. 2 it is straight-forward to see that CDR is defined 
in logarithmic form as ( ) ( ) ( )HzdBm1dBmHzdBCDR total

1dB
outrf, NP −+=⋅  or in linear units as 

 

total

1dB
outrf,

1.010
CDR

N
P

≡                                                          (18) 

 
where  is the RF output power at 1-dB compression.  Note that as defined here, CDR is 
normalized to a 1-Hz bandwidth and to obtain the unit-less CDR, (18) must be divided by the 
bandwidth.  The SFDR for analog systems or components is defined as the range of input powers 
over  which the signal  is above the noise floor and all spurious  signals (distortion) are  below the  

1dB
outrf,P
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Fig. 2.  The definition of compression dynamic range (CDR), shown geometrically using data from an intensity-
modulation direct-detection link.  Shown is measured RF output power as a function of RF input power, from which 
the CDR can be defined as the range of input powers over which 1) the signal is above the noise floor and 2) the signal 
is at worst 1-dB compressed. 
 
 
noise floor.  Again, it is instructive to view the definition of SFDR in a geometrical sense as is 
shown in Fig. 3.  The data used in Fig. 3 are from an IMDD link, where, as we will see, the 
highest-order distortion is a third-order term.  The definition for SFDR is, however, given in 
arbitrary-order as ( )( ) ( ) ( ) ( )( ) nNOIPnnnn HzdBmdBm1HzdBSFDR total

1 −−≡⋅ − , where n is the 
order of the largest distortion and OIPn is the nth-order intercept, defined as the intercept of the 
linear extrapolations of the fundamental and distortion response (see Fig. 3).  In linear units 
 

( ) nn

N
OIPn

1

total
SFDR

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ,                                                  (19) 

 
which is again normalized to a 1-Hz bandwidth.  We will now derive CDR and SFDR for an 
IMDD architecture. 
  The CDR is derived for an IMDD link by using (7) to calculate .  The linear 

approximation of (7) gives  as 

1dB
outrf,P

1dB
outrf,P

 

dB1rf

out
2
rf

2
dc

1dB
outrf,

1.0

2
110

φφ

φ
=

= ZIP                                                (20) 
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Fig. 3. The geometrical definition of spurious-free dynamic range (SFDR) for a third-order distortion.  The SFDR is 
defined as the range of input powers over which 1) the signal is above the noise floor and 2) the all spurious signals and 
intermodulation distortion (IMD) are below the noise floor. 
 
 
where φ1dB is the phase shift amplitude at the 1-dB compression point.  The condition used to 
calculate φ1dB is given by 
 

( )
05.0

dB11

dB1 102 ×=
φ

φ
J

                                                         (21) 

 
which can be solved numerically to yield 9504.01dB ≈φ .  The CDR is then obtained by inserting  
(20) into (18) and using the definition of RINtotal to obtain 
 

total

2
dB1

2
CDR

RIN
φ

= .                                                        (22) 

  
The CDR for an IMDD link is plotted against Idc in Fig. 4, again showing that RINlaser can 
severely limit the performance. 

To derive the SFDR, an expression for the highest-order distortion must be obtained.  Of 
particular importance is intermodulation distortion, that is, distortion that is present under multi-
tone driving of an analog system or component.  The standard used to quantify this type of 
distortion is the two-tone test.  The two-tone test comprises two equal-amplitude drive signals 
spaced by a small frequency difference.  To model a two-tone test for an analog photonic system, 
we evaluate (3) with ( )tφ  rewritten as ( ) ( ) ( ) ttt 2rf1rfdc sin2sin22 Ω+Ω+= φφφφ .  With a 

 8



quadrature bias (φdc = π /2) and after some algebra, we obtain the following photocurrent for this 
modulation 
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To determine the OIPn, we take the small-signal approximation of (23) ( ( ) ( )!m2mm

rfrfm φφ ≈J ), 
which yields 
 

( ) ( ) ( ttItIItI 2,11,2

3
rfdc

2,1rfdcdcsstone,2 2sin
8

sin ΩΩ+Ω+=− m
φφ )  .                      (24) 

 
The second set of terms in (24) are the response at the fundamentals and the third set of terms are 
the largest distortions, third-order terms.  We look to determine OIP3 by taking the intersection of 
the RF output power associated with the fundamental and third-order distortion, given by the 
equality 1282 out

6
rf

2
dcout

2
rf

2
dc ZIZI φφ = .  This expression gives 22OIP3rf, =φ , which can be 

inserted into the linear expression for the fundamental power (7) to give the OIP3 as 
 

out
2
dcout

2
OIP3rf,

2
dc 423 ZIZIOIP == φ .                                            (25) 

 
Given the OIP3, we use (19) and the definition of RINtotal to write the SFDR for an IMDD link as 
 

32

total

4SFDR ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

RIN
.                                                     (26) 

 
The SFDR for an IMDD link is plotted as a function of Idc in Fig. 4, showing decreased SFDR for 
increased RINlaser. 
 We have shown that laser noise can severely limit the performance of analog photonic links 
in terms of the NFrf, CDR and SFDR performance metrics.  In addition, Grf is shown to depend 
directly on the laser output power.  These statements are quantitatively demonstrated in Fig. 4, 
where equations (9), (17), (22) and (26) are used.  The form of these equations explicitly shows 
the dependence on RINlaser, demonstrating that if RINlaser >> RINshot + RINith + RINoth, optimal 
performance will not be achieved.  As a reference, the analytical equations used in calculating 
link performance are given in logarithmic form in the Appendix.  No analytical expression is 
given for the laser noise because it is a measured quantity specific to each laser.  In the following 
section, we describe the experimental technique used to measure laser noise. 
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Fig. 4.  The calculated performance metrics for an analog photonic link employing intensity modulation with direct 
detection as functions of DC photocurrent.  Shown are RF gain, RF noise figure, compression dynamic range and 
spurious free dynamic range calculated using equations (9), (17), (22) and (26), respectively.  Here Vπ = 5 V, T = 293 K 
and Zin = Zout = 50 Ω were used.  In each case, the bold black represents the fundamentally-limited performance, 
excluding laser noise.  The RF gain is shown not to depend on laser noise but does depend on laser output power.  The 
remaining three performance metrics are demonstrated to depend heavily on laser relative intensity noise (RINlaser), 
which can severely limit the performance below the fundamental limits. 
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Fig. 5.  The experimental setup for measuring laser noise in an intensity-modulation direct-detection system.  A laser is 
attenuated with a variable optical attenuator (VOA) and detected with a photodiode at a DC photocurrent Idc.  The total 
noise at the photodiode output Ntotal is amplified by a radio-frequency amplifier with gain Gamp and noise figure NFamp.  
The measured noise Nm is obtained as a function of radio frequency using an electrical spectrum analyzer (ESA), from 
which Ntotal can be calculated.  
 
 
3  NOISE MEASUREMENT METHODOLOGY 
 
 In this section we will describe the methodology for measuring the laser noise in an IMDD 
system employing some laser.  We will describe the experimental procedure along with the 
calculation used to interpret the experimental results.  The experimental setup for the noise 
measurement is shown in Fig. 5.  The laser under test is set to the desired output power and then 
attenuated using a variable optical attenuator (VOA) to a power that provides a suitable DC 
photocurrent.  Here, “suitable DC photocurrent” means the highest photocurrent that is available 
with the laser power at hand and/or the highest photocurrent that the photodiode can linearly 
handle.  Typically the total RF noise at the photodiode output Ntotal is well below the noise floor 
of the electrical spectrum analyzer (ESA) used for the measurement.  Therefore, an RF amplifier 
with enough gain Gamp and low enough noise figure NFamp must be employed to amplify the 
noise, which is measured on the ESA as Nm.  Typically, Gamp is measured using a network 
analyzer.  A good check on the measurement system is to perform the following steps. 1) 
Measure the noise power spectral density on the ESA terminated in 50 Ω, this is the noise floor of 
the ESA. 2) Measure the noise power spectral density of the amplifier terminated in 50 Ω (Namp), 
this is the amplified thermal noise plus the additional noise due to the amplifier. This noise power 
spectral density should be higher then that in Step 1 by a few dB.  3) Measure the noise power 
spectral density with the photodiode connected and the laser on, this is Nm.  Again, this noise 
power spectral density should be higher that than in Step 2 by a few dB.  (A set of measurements 
representative of Steps 1, 2 and 3 are shown in Fig. 6.)  4) Finally, an RF attenuator should be 
placed between the photodiode and the amplifier to ensure that the amplifier is not compressed.  
Given the measured parameters, Nm, Gamp, Namp and Idc, we can calculate the RIN as follows. 
 First the amplifier noise figure can be calculated as ( )TkGNNF Bampampamp = .  Because the 
measurements involved are typically done on a logarithmic scale, it is instructive to write the 
logarithmic form of this equation and those that follow.  For the amplifier noise figure we have 
 

[ ] [ ] [ ] 9.173dBHzdBmdB ampampamp +−= GNNF                                  (27) 
 

where T = 293 K was used.  With NFamp given by (27) we can back out Ntotal from Nm as 
 

[ ] [ ]
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
×−= − 39.17

amp
amp

m
total 10HzmWlog10HzdBm nf

g
NN                            (28) 
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Fig. 6.  Example of the testing procedure for a noise measurement setup.  First, the electrical analyzer noise floor is 
measured (black).  The noise power spectral density of the radio-frequency amplifier terminated in 50 Ω is then 
measured (grey) and ensured to be a few dB above the electrical amplifier noise floor, more than 10 dB in this case.  
Finally, the noise power spectral density with the optics in place is measured (red), which again should be a few dB 
above the noise in the previous step. 
 
 
where gamp and nfamp are meant to signify where linear terms for the amplifier gain and noise 
figure must be used.  From Ntotal we can then calculate the RIN as 
 

[ ] [ ] [ ]( )mAlog20HzdBm13HzdBc dctotal INRIN −+= .                            (29) 
 

It is important to note here that the definition of RIN (29) assumes that all of the RF power is 
delivered from the photodetector to the RF amplifier.  In actuality, many photodetectors have an 
impedance-matching circuit built into their packaging, typically matched to 50 Ω.  As shown in 
Fig. 7, such an impedance-matched system acts as an RF-current divider for an AC-coupled load.  
If we want to reference the measured noise to the DC photocurrent there is a 6-dB correction to 
(29) that results in 
 

[ ] [ ] [ ]( )mAlog20HzdBm19HzdBc dctotal INRIN −+=      (with matched load).         (30) 
 

We therefore have two equations, (29) and (30), that allow us to calculate the RIN for the system 
shown in Fig. 5.  These RIN values include RINshot and RINoth but not RINith (there is no 
modulator in the noise measurement system).  As shown in Fig. 8 we can plot the minimum RIN 
for the system shown in Fig. 5 as a function of DC photocurrent.   The calculated data in Fig. 8 
are applicable to a matched or unmatched detector and puts a limit on the measurable RINlaser.  In 
other words, for, say, Idc = 10 mA, RINmin = −165 dBc/Hz and a RINlaser << −165 dBc/Hz cannot 
be measured.  We will see more of these types of examples in the following section where 
measured data are analyzed. 
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Fig. 7.  Schematic of a photodiode with an impedance-matching circuit connected to an AC-coupled load.  Shown are 
the path of the measured DC photocurrent in blue and the path of the RF photocurrent in green.  Only half of the 
generated RF photocurrent is delivered to the load and for noise-power-spectral-density measurements relative to the 
DC photocurrent, a 6-dB correction must be used as in Equation (30). 
 
 
 
 
 

 
Fig. 8.  The calculated minimum relative intensity noise in the measurement system shown in Fig. 5 as a function of 
DC photocurrent.  The relative intensity noise due to output thermal noise (Equation 15) and shot noise (Equation 16) 
are considered here.  The third fundamental noise source in an analog photonic link, input thermal noise, is not 
considered here because the measurement system in Fig. 5 does not contain a modulator.  Laser relative intensity noise 
at a particular DC photocurrent cannot be measured much below the minimum relative intensity noise plotted above. 
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4  LASER NOISE SPECTRA 
 
 Using the methodology described in Section 3, we present and discuss the measurement 
results for various lasers suitable for use in analog photonic systems.  We start with the data in 
Fig. 9, which shows the measured RIN spectrum for a Lightwave Electronics Nd-YAG laser 
(Model No. M125N-1319-200, Serial No. 2628, low-noise rebuild) with approximately 230 mW 
output power at about 1320 nm.  For these data, and in all that follow, the ESA employed was an 
Agilent 8563EC.  For the data in Fig. 9 a custom detector [14] was employed and Idc = 80 mA, to 
the authors’ knowledge the highest photocurrent at which laser noise measurements have been 
made.  As shown by the location of the electrical noise floor, no RF amplifier was required for 
these measurements.  Of note in the Nd-YAG RIN spectrum is the peak due to the relaxation 
oscillation at about 300 kHz and the significant suppression of this peak using the RIN-
suppression option available from the vendor.  The RIN-suppression circuit reduces noise at and 
below the peak but does cause a small rise in noise above 700 kHz, as opposed to the intrinsic 
operation of the laser.  The peaks in the RIN spectrum below 100 kHz are not attributed to the 
laser itself but to electrical noise in the laser-controller electronics.  It is expected that these peaks 
can be removed by sourcing the required pump current with, for example, batteries.  The peak in 
the spectrum at about 8.5 GHz is due to a competing mode in the laser cavity, spaced by that 
frequency in the optical domain.  Save this sidemode peak, RINlaser << RINshot = −173.9 dBc/Hz 
above 70 MHz and we can say that the laser is shot-noise-limited at Idc = 80 mA in this region.  
(As mention in Section 3 and described by Fig. 8, it is very important to state the DC 
photocurrent at which a laser is “shot noise limited.”  This is often overlooked in the literature 
and especially by laser vendors.  For example, to state that “a 1550-nm 1-W laser is shot noise 
limited” without stating the photocurrent implies that RINlaser << −185.9 dBc/Hz, the shot noise 
limit for an ideal detector with 1-W of 1550-nm light on it.  Because a measurement at this 
photocurrent is unachievable, the preceding claim is nonsensical.)  The noise above 70 MHz in 
excess of the RINshot limit in Fig. 9 is due to the fact that the detector used has no impedance-
matching circuit, which results in resonances due to impedance mismatch.  As a verification of 
this claim, we show in Fig. 10 that the measured response of the detector in an IMDD architecture 
closely follows the measured noise spectrum.  It is worth noting here that the RIN spectra shown 
in this report, calculated using (29) or (30), include RINlaser and RINshot.  This point is 
demonstrated explicitly in Fig. 9, using the intrinsic Nd-YAG data.  At 300 kHz, RINlaser 
dominates whereas at 70 MHz RINshot dominates.  The transition from these two limiting regions 
occurs above 10 MHz.  Therefore, the calculation to extract RINlaser near 15 MHz where RIN = 
−170 dBc/Hz goes as ( )39.1717

laser 1010log10 −− −=RIN  dBc/Hz3.172−= . It is more instructive to 
include RINshot in the measured data and including RINshot serves as an additional check on the 
measurement system. 
 The Nd-YAG laser is a good laser for analog photonic links and is often used as a reference 
because of its low noise and high output power.  Furthermore, at frequencies above 70 MHz and 
away from 8.5 GHz, fundamentally-limited performance is available at any presently feasible DC 
photocurrent.  However, in systems where optical amplification must be employed, the 1320-nm 
wavelength of the Nd-YAG is undesirable.  This wavelength is outside the bandwidth of erbium-
doped fiber amplifiers (EDFAs), the most robust and proven optical amplifiers.  It is therefore 
desirable to operate near 1550 nm, where various other solid-state-laser technologies are 
available.  We present the RIN spectra for the main candidates in Fig. 11 for frequencies up to 1 
GHz, noting that the RIN spectra are quite similar at higher frequencies.  Shown are data for an 
older-vintage Nd-YAG laser at 230 mW (Lightwave Electronic  M125N-1319-200, pre-low-noise   
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Fig. 9.  The measured RIN spectrum for a Lightwave Electronics Model No. M125N-1319-200 (Serial No. 2628) Nd-
YAG solid-state laser.  The laser output power is approximately 230 mW at 1320 nm and the DC photocurrent was 80 
mA for the measurement.  Shown is the electrical noise floor (grey) and the calculated shot noise floor at −173.9 
dBc/Hz (bold black).  The measured laser data show the RIN with the manufacturer’s RIN-suppression circuitry 
employed (blue) and the RIN spectrum without RIN suppression (red). 
 
 
 

 
Fig. 10.  The measured noise spectrum data from Fig. 9 (grey) plotted against the measured intensity-modulation with 
direct-detection (IMDD) response (black) for the detector employed in the noise measurement.  These data confirm that 
the frequency characteristic of the noise at high frequencies is dominated by the response of the detector and not due to 
the laser itself. 
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Fig. 11.  The measured RIN spectra for solid-states lasers at 20 mA DC photocurrent, resulting in a shot noise floor at 
−168 dBc/Hz (dashed black).  Shown are data for a Lightwave Electronics Nd-YAG in red (Model No. M125N-1319-
200, pre-low-noise-rebuild), a CLR/CTI Photonics Er3+-doped-glass laser in blue (METEOR® Model, Serial No. 72), an 
NP Photonics Er3+-doped-fiber laser in green (Model SMPF-2030, Serial No. D-89-030619-07), an Orbits Lightwave 
Er3+-doped-fiber laser in black (Model 2800A, Serial No. 001033) and a Princeton Optronics Er3+-doped-glass laser in 
teal (Model BC4001, Serial No. 325).   
 
rebuild, Δν ~ 8.5 GHz), an Er3+-doped-glass laser at 70 mW (CLR/CTI Photonics METEOR®, 
Serial No. 72, Δν ~ 24 GHz), an Er3+-doped-fiber laser at 65 mW (NP Photonics SMPF-2030 
Serial No. D-89-030619-07, Δν ~ 2 GHz), an Er3+-doped-fiber laser at 30 mW (Orbits Lightwave 
2800A Serial No. 001033, Δν ~ 1.7 GHz) and an Er3+-doped-glass laser at 40 mW (Princeton 
Optronics BC4001 Serial No. 325, Δν ~ 55 GHz).  Here, the Δν designates the approximate 
mode-spacing of the laser and indicates that a spurious signal will exist in the RF domain at that 
frequency.  All lasers except the Nd-YAG are at about 1550 nm and all of the data were measured 
at Idc = 20 mA.  The 20-mA photocurrent results in a shot noise floor at −168 dBc/Hz.  The 
photodetector used in these experiments was a Discovery Semiconductor DSC50 and the RF 
amplifier a Sonoma Instrument 310.  Note that all of the lasers are shot noise limited by 600 MHz 
for this photocurrent, making all of them suitable for microwave photonics applications.  The Nd-
YAG is obviously superior for unamplified applications, having the highest output power and the 
lowest noise above 1 MHz.  Another advantage of these lasers is their intrinsically low linewidth 
as compared to commercial semiconductor lasers.  As shown in Fig. 12, the measured linewidth 
for a solid-state laser can be orders of magnitude smaller than a semiconductor laser.  This 
linewidth advantage is of particular importance for coherent applications but has no impact on 
IMDD systems.  In addition, typical semiconductor lasers are smaller and cheaper than the solid-
state lasers shown above.  Because they are used in commercial telecommunications, where the 
noise requirements are not as stringent as in an analog system, semiconductor lasers exhibit better 
manufacturability and more robustness than present solid-state technologies.  We therefore must 
consider the performance of such lasers, especially in comparison to that of the competing solid-
state lasers above. 
 The RIN spectrum for a commercial semiconductor distributed feedback (DFB) laser (JDS 
CQF 938, Serial No. 477844) is shown in Fig. 13 against some solid-state lasers at the same 20-
mA photocurrent.  Here, the same photodiode and RF amplifier as  those used for  the data in Fig.  
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Fig. 12.  The measured linewidth spectra for an Er3+-doped-fiber solid state laser against that for a semiconductor 
distributed feedback (DFB) laser.  The latter has a linewidth on the order of a couple of MHz whereas the former 
exhibits a linewidth of about 2.5 kHz. 
 
 

 
 
Fig. 13.  The measured relative intensity noise spectrum for a semiconductor laser compared to those for some solid-
state lasers.  Shown in grey is the electrical noise floor and in dashed black the shot noise floor for Idc = 20 mA at −168 
dBc/Hz.  Relative intensity noise spectra are plotted for a semiconductor distributed feedback laser in red (JDS CQF 
938, Serial No. 477844), a Lightwave Electronics Nd-YAG without noise suppression in green (Model No. M125N-
1319-200, post-low-noise-rebuild), the same Nd-YAG with noise suppression in blue, and an Er3+-doped-glass laser in 
teal (CLR/CTI Photonics METEOR® Model, Serial No. 72).  The peak in the semiconductor spectrum near 20 MHz is 
attributed to the laser drive electronics. 
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11 were employed.  At frequencies below 100 MHz, the DFB laser exhibits significantly less RIN 
than the solid-state lasers.  In fact, save the noise near 20 MHz due to the laser driver, the DFB 
laser noise is limited by shot noise or the electrical measurement system noise.  It does have less 
output power than the solid-state architectures but as we will shortly see, semiconductor 
technology has advanced to the point where competing output powers are now available.  We 
therefore see that for applications well below 1 GHz, a semiconductor DFB offers a lower-noise 
solution than a solid state laser. 
 The RIN spectra for the four major semiconductor DFB lasers are plotted in Figs. 14 and 15.  
The lasers that were measured are a JDS CQF 938/600 (Serial No. 477838) at 63 mW with a 
wavelength λ ~ 1550 nm and a pump current Ip = 340 mA, an EM4 EM253 (Serial No. 
A06050001) at 90 mW with λ ~ 1550 nm and  Ip = 400 mA, an Ortel 1772 (Serial No. F065957) 
at 64 mW with λ ~ 1550 nm and Ip = 300 mA, and an EM4 EM273 (Serial No. E0002232) at 175 
mW with λ ~ 1320 nm and  Ip = 1000 mA.  The latter has the most power but again suffers from 
the impracticality that its wavelength is out of band for optical amplification with an EDFA.  The 
data in Fig. 14 show the RIN spectra from 10 kHz to 1 GHz at Idc = 20 mA (RINshot = −168 
dBc/Hz).  For these data a Discovery Semiconductor DSC50S photodetector and a Sonoma 
Instrument 310 RF amplifier were employed.  The higher-frequency data shown in Fig. 15 was 
obtained using a Discovery Semiconductor DSC30S photodiode at Idc = 10 mA (RINshot = −165 
dBc/Hz) and a Miteq AFS4-00102650-42-10P-44 RF amplifier.  The low-noise spectra are quite 
similar for each laser, with differing structure due to the drive electronics.  Again, the noise peaks 
would most likely be removed with a carefully-designed low-noise current source.  More 
interestingly, the high-frequency plots show that each laser exhibits a different relaxation 
oscillation frequency and therefore different peaks in their RIN spectra.  We list the approximate 
peaks in the RIN due to laser as: 1) JDS 938/600: RINlaser,peak = −167 dBc/Hz near 15 GHz, 2) 
EM4 EM253: RINlaser,peak = −165 dBc/Hz near 8 GHz, 3) Ortel 1772: RINlaser,peak = −163 dBc/Hz 
near 15 GHz, and 4) EM4 EM273: RINlaser,peak = −157 dBc/Hz at 20 GHz.  Note first that these 
values are for RINlaser, extracted as explained above, and therefore do not match the total RIN 
values in Fig. 15 and secondly that the EM4 EM273 RINlaser may continue to rise above 20 GHz.  
The data presented in these plots will allow one to calculate analog system performance as a 
function of frequency for an IMDD system employing each laser.  Equations (A.2)-(A.4) give RF 
noise figure (given Vπ), compression dynamic range and spurious-free dynamic range where 
RINtotal can be taken from Figs. 14 and 15.  Note that RINtotal, as given by Figs. 14 and 15 does not 
include RINith but that RINith is often negligible.  (Given a particular Vπ, (A.5) should be employed 
to verify this.)  Finally, given a particular DC photocurrent, limited by the available laser power, 
the gain is given by (A.1).   
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Fig. 14. The measured relative intensity noise spectra for several semiconductor distributed feedback lasers. .  Shown in 
bold black is the shot noise floor for Idc = 20 mA at −168 dBc/Hz.  Relative intensity noise spectra are plotted for JDS 
CQF 938/600 (Serial No. 477838) with a wavelength λ ~ 1550 nm and a pump current Ip = 340 mA (blue), an EM4 
EM253 (Serial No. A06050001) with λ ~ 1550 nm and  Ip = 400 mA (red), an Ortel 1772 (Serial No. F065957) with λ 
~ 1550 nm and Ip = 300 mA (green), and an EM4 EM273 (Serial No. E0002232) with λ ~ 1320 nm and  Ip = 1000 mA 
(black).   
 
 

 
 

Fig. 15.  The measured relative intensity noise spectra for the same lasers in Figure 14 with the same color coding but 
at higher frequencies.  Because a smaller photodiode was required, a lower photocurrent of Idc = 10 mA was achieved, 
which gives RINshot = −165 dBc/Hz. 
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5  SUMMARY AND CONCLUSIONS 
 
 We have presented a derivation of the performance metrics for an intensity-modulation 
direct-detection analog photonic architecture, specifically detailing the impairments imposed by 
laser noise.  The equations in Section 2 provide a sound theoretical foundation for the 
understanding of analog photonics.  These equations, along with those given in the Appendix can 
be used to calculate analog link performance from simple relative intensity noise measurements, 
given the half-wave voltage of the Mach-Zehnder modulator.  The methodology for such relative 
intensity noise measurements has been demonstrated in sufficient detail such that anyone with a 
rudimentary background in experimental analog photonics should be able to complete the 
measurements.  We have also presented measured relative intensity noise data using the 
competing solid-state and semiconductor laser technologies.  The former represent relatively un-
commercialized lasers as compared to the time-proven semiconductor distributed feedback 
design.  The most significant experimental results of this report for immediate system design are 
given in Figures 14 and 15.  These figures give the relative intensity noise spectra for the four 
major commercially-available semiconductor lasers in the frequency range of 10 kHz to 20 GHz.  
We note that while these lasers are the most important for presently- and soon-to-be-deployed 
analog photonic systems, we are of the opinion that solid-state laser technology will be extremely 
important in the future of analog photonics. 
 
 
 
APPENDIX: LOGARITHMIC FORMS OF IMDD EQUATIONS 
 
 The logarithmic forms of selected equations from Section 2 are given here.  First, the RF gain 
for an IMDD link is given by (9) as 
 

[ ] [ ]( ) [ ]( )Vlog20mAlog201.16dB πdcrf VIG −+−=                                  (A.1) 
 
where Zin = Zout = 50 Ω was used.  The remaining IMDD performance metrics, RF noise figure, 
compression dynamic range and spurious-free dynamic range are given by equations (17), (22) 
and (26) as 
 

[ ] [ ]( ) [ ]HzdBcVlog209.176dB totalπrf RINVNF ++=                              (A.2) 
 

[ ] [ ]HzdBc5.3HzdBCDR totalRIN−−=⋅                                       (A.3) 
 

[ ] [ HzdBc
3
20.4HzdBSFDR total

32 RIN−=⋅ ]                                   (A.4) 

 
which depend on RINtotal = RINith + RINoth + RINshot + RINlaser.  As discussed in the report, there is 
no analytical expression for RINlaser.  We use equations (14)-(16) with T = 293 K to obtain 
 

[ ] [ ]( )Vlog209.176HzdBc πith VRIN −−=                                      (A.5) 
 

[ ] [ ]( )mAlog208.160HzdBc dcoth IRIN −−=                                    (A.6) 
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[ ] [ ]( )mAlog109.154HzdBc dcshot IRIN −−=                                    (A.7) 
 

These equations (A.1)-(A.7), along with the measured RINlaser, can then be used to quickly 
determine the performance of an IMDD analog photonic system. 
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