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Transmission quality assurance in the design of 
HFC television network 

 
Lidia T. Jordanova, Dobri M. Dobrev  

 
The paper deals with signal degradation due to noise and nonlinear distortion in the forward 

channel of HFC television network. A mathematical model of the optical channel is presented that 
makes it possible for the following parameters to be calculated: the minimum signal level at the 
optical receiver input, the optical modulation index per carrier and the maximum RF signal voltage in 
the input of laser transmitter. Analytical expressions to determine the CNR and CIR at the most distant 
subscriber tap for QAM signals are given that take into consideration the suppression of digital signal 
levels relative to analog signal levels and the noise susceptibility bandwidth of the digital receiver. 
Simulation investigations have been carried out to obtain the optimal parameters of the optical 
channel and the results obtained are use in its design. Formulae for the gain and the maximum 
number of RF amplifiers in the longest coaxial link are developed that can be used when designing the 
coaxial part of HFC network. 
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Introduction 
The cable television industry has now deployed 

hybrid fiber/coax (HFC) architectures for most of its 
networks. Such networks include headend, optical 
ring with distribution hubs connected to the ring, 
optical lines through which the signals are transported 
from the hubs to the optical nodes that feed the short-
cascade coaxial distribution networks. Cable 
distribution networks are bi-directional that makes it 
possible for additional services (such as Internet 
access, VoD, VoIP etc.) to be provided to the 
subscribers. Two-way transmission of high-speed 
interactive services is performed by Cable Modem 
Terminal System (CMTS) that is located in the 
headend or the hub. Cable modem or Set-Top-Box is 
used in order to receive the data packets addressed to 

the subscriber and to transmit the data to the CMTS 
[1] [2]. 

The cable television systems differ by using RF 
carriers to transmit the information signals and data. 
Two frequency bands are provided for signal 
transmission from the headend to the subscribers: 
112 MHz to 550 MHz (for analog video broadcasting) 
and 550 MHz to 862 MHz (for narrow casting 
services – data, voice and digital video). Analog video 
signals are transmitted by using AM-VSB while QAM 
methods (usually 256-QAM) are mainly used to 
transmit digital video programs and data. The system 
reverse paths make use of the 5 MHz to 65 MHz 
frequency band and subscribers’ signals are 
transmitted by using QPSK or 16-QAM methods [3]. 

The RF signals are transferred over the optic fiber 
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by means of optic carriers whose wavelength may be 
1310 nm or 1550 nm. The distributed feedback (DFB) 
laser is the most common light source used in optical 
transmitters. Directly modulated DFB generate optical 
carriers and intensity-modulate those carriers with 
wideband RF spectra. The parameters of the optical 
channel with directly modulated laser are of poor 
quality due to laser chirping. To eliminate this 
disadvantage externally modulated transmitters are 
used. They consist of a continuous wave light source 
whose intensity is varied through the use of an 
external Mach-Zehnder modulator that is driven by 
the FDM waveform [4]. 

Although there are many parameters of interest, the 
two of fundamental importance in designing a linear, 
broadband distribution system are added noise and the 
generation of distortion products. The main sources of 
noise and distortion in the downstream channels are 
active devices (laser transmitters, optical receivers, 
optical and RF amplifiers) and optical fiber.  The level 
of both noise and unwanted spurious signals depends 
on the parameters of the cable network components, 
the dynamic range of RF signals, number of channels, 
optical modulation depth etc. Modern HFC 
multimedia systems usually apply externally 
modulated DFB transmitters and “push-pull” RF 
amplifiers that produce only composite third-order 
distortion products (CTB) [5]. 

The paper aims at providing dependences that can 
be directly applied in engineering design of HFC 
television networks taking into account the network 
topology and parameters of its optical and RF 
components, the channel loading and QoS parameters 
measured at the most distant subscriber tap.     

Downstream channel noise performance 

To estimate the quality worsening of the received 
signal due to noise the carrier-to-noise ratio (C/N) at 
tap output is used. The total C/N for the optical plus 
coaxial portion of the HFC network is given (in dB) 
by the formula  

(1) 10 1010lg 10 10
Opt CoaxC N C N

C N 
     

   . 

The optical link C/N will have contributions due to 
laser transmitter RIN (C/N RIN), optical amplifier noise 
(C/N EDFA), photodiode shot noise (C/N Shot) and 
postamplifier noise (C/N PA), as well as due to the 
interferometric intensity noise (IIN) in the fiber and 
can be easily calculated (in dB) as follows: 
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To determine the RIN contribution to optical link 
C/N in dB the following formula can be used: 

(3) = 10lg 20lg( )RIN nC N RIN B m   , 

where Bn is the receiver noise bandwidth (in Hz) for 
the communications channel being evaluated  and m  is 
the optical modulation index (OMI) per carrier. 
Typical values for quality DFBs are approximately 
−160 dB/Hz, provided that there is no reflected light. 
The noise susceptibility bandwidth Bn for analog 
receivers is 4.75 (BG) or 5.75 MHz (DK) and for 
QAM receivers it is equal to the full 7-MHz (BG) or 
8-MHz (DK) channel bandwidth. 

The C/N contribution from an EDFA is given by 

(4) 86.2 20lg( )EDFA in EDFAC N P m NF    , 

where Pin is the optical input power to the EDFA in 
dBm and NFEDFA is the noise figure of the amplifier in 
dB (it depends somewhat on input power). Typical 
variations in NFEDFA based on several manufacturers’ 
specifications are from 6 dB (Pin = 0 dBm) to 8 dB 
(Pin = 10 dBm). 

The contribution of shot and postamplifier thermal 
noise to optical link C/N is given by 

(5) 20lg( ) 10lg 10lg 154.94Shot Rx nC N P m R B     , 

(6)  
2 20lg( ) 20lg 10lg

20lg 180 ,
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r
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I

    
   

where PRx is the received optical power level in dBm, 
R is the responsivity of the receiving diode in amperes 
per watt (typical responsivity is 0.8 to 1.0 mA/mW)  
and Ir is the postamplifier equivalent input noise 
current density in pA/√Hz (typical values will be 6 to 
8 pA/√Hz). 

For affected frequencies, IIN can be related to in-
channel CNR in the same way as transmitter RIN: 

(7) = 10lg 20lg( )IIN nC N IIN B m  . 

The interferometric noise level (in dB/Hz) is given by 

(8)       1114 2=10lg 3.6 10 2 1 l
rmsIIN l e f         , 

where l is the length of the fiber in km, α = 1 – 10−α0/10, 
α0 is the loss in the fiber in dB/km and Δ  frms is the 
total rms effective linewidth. 
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In the downstream direction, coaxial distribution 
networks with multiple, identical amplifiers in cascade 
are usually designed and operated so that the gain, 
measured from amplifier output to amplifier output, is 
unity. When systems carry only one signal type (e.g., 
analog video signals), their output levels are often 
adjusted so that they increase linearly with frequency, 
as measured at amplifier output ports. This usually 
results in amplifier input levels that are approximately 
the same across the spectrum and creates the optimum 
balance between noise and distortion. 256QAM 
signals are operated 6 dB lower in level than 
equivalent analog video signals would be at the same 
frequencies. 

To determine the quality worsening of the received 
signal due to noise in the coaxial part of the forward 
channel, it is necessary to compute the C/N of 
cascaded RF amplifiers, each followed by loss equal 
to the gain of the preceding amplifier. For k identical 
amplifiers, the general expression for composite 
C/N Coax is approximated by the equation 

(9) = 10lgCoax AC N C N k , 

where CNR A is the C/N of a single amplifier. The 
value of C/NA is calculated in dB as 

 (10) A out nC N U G U NF    , 

where Uout is the amplifier output level in dBμV, Un is 
the thermal noise floor in dBμV, G and NF are the 
gain and the noise figure of the amplifier in dB 
respectively. 

Typically, the amplifiers output levels of the 
highest channels are + 105 to + 120 dBμV, the gain is 
from 20 to 38 dB and the noise figure is 6 - 8 dB. The 
channel noise floor Un depends on the effective noise 
bandwidth of the receiver and is approximately 
1,6 dBμV (B/G) or 2,4 dBμV (D/K) – for analog 
channel and 3,3 dBμV (B/G) or 3,8 dBμV (D/K) – for 
QAM channel. 

Since digital signals transmitted in the forward 
direction are generally more robust than analog 
signals, it is common to specify noise performance 
under two conditions: a full spectrum of analog 
television signals and a defined mix of analog 
television and digital signals. 

Typical design specifications for the fiber-optic 
plus coaxial distribution portion of the network call 
for 48 to 49 dB analog video C/N. In a simple HFC 
architecture, a 49-dB C/N requirement might be met 
by cascading fiber-optic and coaxial sections, each 
independently providing 52-dB C/N. 

The C/N at the most distant subscriber tap for 
256QAM signals can be calculated as 

(11)  ,10lg 2dig ang ch n angC N C N S B B    , 

where C/Nang is the analog video C/N, S is the 
suppression of digital signal levels relative to analog 
signal levels in dB (S = 6 dB), 10lg(Bch /Bn,ang) takes 
into account the different noise susceptibility 
bandwidth of the digital and analog receiver and 
“− 2 dB” is the expected variation from design 
performance due to aging and operational tolerances. 
If C/Nang = 49 dB, then the calculated values of C/Ndig 
are 39.3 dB (B/G) and 39.6 dB (D/K). 

Evaluation of forward channel nonlinearity  

Distortion in the optical channel is fundamentally 
caused by both small-signal nonlinearities in the laser 
transmitter and clipping caused by large-signal peaks. 
As is known, directly modulated DFB transmitters 
generate both composite second-order (CSO) and 
composite triple beat (CTB) products. The transfer 
function of Mach-Zehnder modulators provides one 
important advantage over directly modulated sources. 
The distortion is symmetrical about the inflection 
point of the transfer function, providing significantly 
suppression of second-order distortion products. This 
means that externally modulated transmitters produce 
only CTB products. The same is true for the “push-
pull” amplifiers in the coaxial portion of the channel. 
Hence to evaluate the forward channel nonlinearity 
the carrier to composite triple beat (C/CTB) parameter 
can be used. 

Analysis has shown that CTB products at 
frequencies  i + j − k ,  i − j + k and  i − j − k  ( i < j < k) must be taken into 
consideration when determining the nonlinear 
distortion in the optical channel with externally 
modulated laser. To calculate the number of third-
order intermodulation products at these frequencies 
the following expression can be used [6]: 

(12)      2
0.25 1 0.5 1 0.25CTBN N N M M N      , 

where N is the carriers number and M is the number of 
the received channel. 

By solving equation dNCTB (М)/dM = 0 one can 
show that a maximum number of the CTB products is 
attained when M = (N + 1)/2, hence the CTB products 
number is at its maximum for the central RF channel 
and can be calculated with the following formula 

(13)  2 2
, max 3 8 2 8 3 8CTBN N N N    . 

If the levels of all carriers are equal the CTB level 
will theoretically be proportional to 10 lg(NCTB), where 
NCTB is the number of beats in a channel. In actuality, 
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owing to the unequal carrier levels and beat 
amplitudes, and possibly differences in distortion 
across the spectrum, CTB may increase as slowly as 
5 lg(NCTB) to 7 lg(NCTB). Furthermore the level of CTB 
products increases by 3 dB for every 1-dB increase in 
the levels of the input signals so that the ratio between 
the desired output signals and third-order products 
decreases by 2 dB for every decibel increase in 
operating level. 

In the specifications of broadband equipment 
manufacturers the value of C/CTB (in dB) is given for 
a reference level of the input (or output) signal Lref (in 
dBm or dBμV) and channel loading Nref . When the 
actual signal level L new and the actual number of 
channels Nnew differ from those given in the 
specifications, then the following correction must be 
made: 

(13) 
  

20lg

2 .

new ref new ref

new ref

C CTB C CTB N N

LL

  
   

If the power level of each RF carrier Ps, in (in dBm) 
and number of the TV channels N are given then the 
carrier-to-interference ratio for laser transmitter can be 
derived (in dB) from 

(14)    2
3 ,2 6 10lg 3 8Laser IP s inC CTB NP P   , 

where PIP3 is the input power at the third-order 
intercept point in dBm (it can be found in the 
specifications of the laser transmitter). For externally 
modulated transmitters C/CTB is 65 dB or better with 
channel loadings of 77 unmodulated carriers. 

Assuming that half the total power in all 
intermodulation products is distributed evenly over 
each of N channels then C/CTB is calculated as [3] 

(15) 
  2

2

1/ 2

3

1 6
2LaserC CTB e  

 , 

where μ is the rms value of composite optical 
modulation depth. The quantity μ is related to the 
OMI per channel m by the approximation 

 (16)  2m N  . 

This approximation is only valid when the number of 
the channels is substantially greater than 10 and all 
channels are of an equal level. 

Typical “push-pull” amplifiers provide a C/CTB of 
70 to 90 dB when loaded with 77 unmodulated 
carriers at recommended operating levels Uout, ref 

(usually from 105 to 120 dBμV). When k identical 
amplifiers operating at the same output levels are 

cascaded, the expression for C/CTB is 

(17) = 20lgCoax AC CTB C CTB k  

where C/CTBA  is the distortion of a single amplifier. 
In the design of forward channel the C/CTB for the 

optical and coaxial part of the network should be 
about 60 dB for analog video signals. 

When QAM signals are subject to third-order 
distortion, they do not produce single-frequency 
products but rather bands of noise-like products 
known as composite intermodulation noise (CIN). 
Generally, CIN is quantified as an equivalent increase 
in the effective noise floor of the system. When the 
digital signal levels are suppressed by 6 dB or more 
relative to analog signals, the C/N degradation on the 
most affected (highest) analog channel due to CIN is 
typically less than 1 dB. For QAM signals, 40-dB 
end-of-line C/(N + CIN) is a typical design spec and is 
consistent with 48-dB analog signal to noise, with 
digital signals depressed 6 dB from analog and a 
correction of 1.7 dB for the noise susceptibility 
bandwidth, provided that the noise floor is similar 
across the analog and digital spectrum. 

In the case of digitally modulated signals sharing 
the cable network with analog television signals, some 
intermodulation products will fall into the digital 
spectrum. The analyses done shows that the worst-
case operational C/CTB for 256QAM might be as low 
as 54 dB. 

Noise-distortion trade-off  
The mathematical model of the optical channel, 

described by equations from (2) to (8) makes it 
possible for the signal minimum level at the optical 
receiver input and the optical modulation index per 
carrier to be calculated if the value of C/NCh is known. 
Typically, the fiber-optic link is required to provide a 
C/N of 50 dB or greater (usually 51 to 54 dB) for each 
analog video carrier. 

In Fig. 1 dependences of C/NCh and its components 
are shown as a function of the received optical power 
level. They refer to a channel operating in the 1550 
nm band, where modules are used with the following 
parameters: RIN = − 160 dB/Hz, output power of the 
DFB laser 37 mW; fiber attenuation constant 
α = 0,25 dB/km; photodiode responsivity 1 mA/mW; 
EDFA noise figure 3,8 dB. 

The investigations have shown that the light level 
reaching a receiver must be controlled within a few 
decibels of 0 dBm for the best balance between noise 
and distortion for amplitude-modulated links. 

Figure 2 illustrates how C/NCh will change as a 
function of the OMI per channel m and the received 
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optical power level PRx . It is evident, that increasing m 
improves the C/NCh , but it does increase impairment 
caused by nonlinearity too. Even with perfectly linear 
lasers the modulation depth is bounded to values 
beyond which all orders of distortion increase rapidly. 
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Fig. 1. Determination of the minimum value of PRx 

depending on the C/NCh (denoted by CNRch). 
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Fig. 2. C/NCh (denoted by CNRch) verses m under PRx. 

The maximum acceptable modulation depth per 
channel can be calculated by means of expressions 
(15) and (16) if the C/CTB and the channels number 
are known. Typically, the fiber-optic link is required 
to provide a C/CTB of 60 dB or greater for each 
analog video carrier. As seen from figure 3, the 
requirement for C/CTB ≥ 60 dB is met when 
m = 5,7 % (for N = 36), m = 4,6 % (for N = 57), 
m = 3,9 % (for N = 78) и m = 3,3 % (for N = 110). 

The optimum operating value for m is balance 
between noise and distortion. With the system here 
considered a rather shot variation interval (0.03 to 
0.06) of the modulation index m provides for the 

admissible minimum value of the CNR and CIR 
parameters. 
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Fig. 3. Determination of the maximum value of m 
depending on the C/CTB (denoted by CIR) and N. 

While the noise floor determines the minimum RF 
signal detectable for a given optical link, non-
linearities in the laser tend to limit the maximum RF 
signal that can be transmitted. 

To determine the maximum permitted RF input 
level needed at the laser transmitter one should use 
expression (14) or experimental curves that relate Us, in 
to the number of video channels and the optical output 
power PTx . Such experimental curves can be found in 
the technical documentation of all laser transmitter 
manufacturers. It is important to know that stimulated 
Brillouin scattering and other nonlinear fiber effects 
limit the maximum transmitted power to +10 to +17 
dBm. 

The investigations carried out on characteristics of 
manufactured laser transmitters allow the following 
formula to be determined for optimum voltage of the 
modulating RF signal: 

(17)  , 1 2(32 34) 10lgs inU N N m    , 

where N1 and N2 are the number of analog and digital 
video channels respectively, m is coefficient that 
depends on the modulation type (for 256QAM m = 4) 
and (32 ÷ 34) dBmV is the RF input voltage that is 
necessary for one analog program. 

Application of the results obtained in the optical 
channel design 

At present two topologies of the optical part of the 
HFC network are mainly used – “star-shape” and 
“tree-and-branch”. With the first one an optical 
divider is used to distribute the signal among several 
feeder lines at one point. With the “tree-and-branch” 
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topology the signal power is split into the feeder lines 
at several points of the optical backbone. In Fig. 4 (a) 
and (b) block-diagrams of the two topologies of the 
optical trunk systems are shown. 
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Fig. 4. Configuration of the optical part of HFC network.  

One of the main parameters that must be optimized 
when designing the optical part of the network is the 
minimum optical power received PRx . To determine 
PRx the expressions (2) to (8) are used, in which the 
required carrier-to-noise ratios for each optical node 
(C/N1 , C/N2 , C/N3 and C/N) and OMI per channel m 
are substituted. The value of m depends on the 
acceptable carrier-to-interference ratio at the optical 
receiver output and the channel loading N and can be 
calculated by the expressions (15) and (16). 

Let's consider the first configuration and assume 
that the required receiver input powers to achieve the 
desired C/N ratios are PRx 1 , PRx 2 , PRx 3 and PRx 4 dBm. 
The goal is to determine the laser transmitter output 
power PTx and what the split ratios need to be on the 
optical splitter in order to deliver the required amount 
of optical power to the receivers. 

To calculate PTx (in dBm) the following equation is 
used: 

(18)  ,
4

0.1
5

1

10lg 1.2 10 Rx k kP L

k
Tx LP 


      , 

where the receiver input optical power PRx,k is in dBm, 
Lk is the total loss in the k-th optical line in dB, 
including splices and connectors and the coefficient 
1.2 accounts the excess loss of the optical splitter 
(20%). Most single mode fiber has 0.5 dB/km loss in 
the 1310 nm region and 0.25 dB/km in the 1550 nm 

region. 
The optical splitter ratios for each output can be 

calculated as  

(19)    , ,
4

0.1 0.1

1

10 10Rx k k Rx k kP L P L
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ks

 


  . 

The voltage Us, in of the modulating RF signal is 
the next important parameter to be optimized. To 
determine the RF input level needed at the laser 
transmitter one should use expression (17) or 
experimental curves that relate Us, in to the number 
of video channels and the laser transmitter output 
power PTx  .  

Algorithm for coaxial part design   
When designing the coaxial part of a HFC 

television network the loss between each pair of 
amplifiers must be made identical to the gain of 
selected amplifier for optimum performance (unit gain 
concept), that is   

(20) ( 1),( /100) i il G   , 

where α is the cable attenuation in dB per 100 m, 
l(i −1), i is the length of the coaxial cable between the 
(i − 1)-th and i-th amplifier in meters. 

If the loss is less than that value, then each 
amplifier’s input level (and hence output level) will be 
greater than the previous amplifier, and the distortions 
will quickly build up to a high level. If the loss is 
greater than the gain, then the input of each amplifier 
will be less than the previous amplifier and thus 
contribute disproportionately to the overall C/N 
degradation. 

The amplifier output level must be kept within 
certain limits in order to ensure the required signal 
quality at the subscriber tap. Those limits are defined 
by the minimum (Uout min) and maximum (Uout max) 
level of the amplifier output signal. The minimum 
level refers to the required C/N and the maximum one 
refers to the acceptable non-linear distortion. If the 
equations (9), (10), (13) and (17) are taken into 
account, the acceptable output levels (in dBμV) of the 
amplifiers in the longest coaxial link can be defined as 
follows can be used: 

(21) min 10lgout Coax nU C N G U NF k      

(22)  max 20lg 20lgout out ref new refU U N N k   . 

If we plot the expressions (21) and (22) as a 
function of cascade, we can see that there is a 
maximum attainable cascade and a unique operating 
level that allows that cascade to be realized. Figure 5 
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illustrates the usable operating range, along with the 
parameters that define the noise-distortion-cascade 
relationship. As seen, the values Uout max  and Uout min 
come closer to each other and coincide for a given 
amplifier when the cannel loading and the number of 
cascaded amplifiers is increased. If the parameters of 
the wideband RF amplifiers and the attenuation in the 
coaxial cables on sale are taken into consideration it 
can be concluded that the coaxial trunk line cannot be 
longer than 7-8 km and the number of amplifiers in 
the line cannot exceed 10-12. 

 Uout, dB

Uout min

i

Uout max

1 2 3 4 5 6 7 8 9 10 11 12

Uout opt

 
Fig. 5.  Acceptable dynamic range of Uout 

When higher-gain amplifiers are used, then either 
output levels must be raised or input levels lowered; 
the former will further increase distortion, whereas the 
latter will cause a greater C/N degradation in each 
amplifier station. If amplifiers are spaced more closely 
together, then more will be required to reach the same 
physical distance, thereby increasing both noise and 
distortion. 

The dependences given in this section allow the 
acceptable number of amplifiers in the longest coaxial 
trunk line and there gain to be determined. For this 
purpose, the distance Si between the first and i-th RF 
amplifier is calculated so that the following condition 
to be met [7]: 

(23) 100( 1) /i iS i G l   , 

where l is the length of the coaxial line. If the 
condition is satisfied for i = n, the number of 
amplifiers that can be included in the coaxial line is n, 
and their gain is equal to that of the n-th amplifier. 
Then the distance between two adjacent amplifiers is  

(24) ( 1), ( 1)/i il l n   . 

Conclusion 
The relations described in the paper have been 

applied to design the forward channel of HFC 
television network. Experiments carried out with 
operating systems show that the calculated values of 
the system parameters correspond well enough to 
those required by the existing technical standards.  
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