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Abstract: In this paper, we propose an integer frequency offset estimation and compensation 
method based on PLC preamble correlation in DOCSIS 3.1 Downstream system. The proposed 
method determines the PLC preamble subcarrier location recovered from PLC data and the one 
obtained from PLC preamble correlation. We showed the performance of PLC preamble detection 
in the received signal through the maximum value detection of PLC preamble correlation. Thus we 
can estimate and compensate for the integer frequency offset by computing the difference of PLC 
subcarrier locations.     
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1. Introduction 

DOCSIS 3.1 DS(downstream) can be applied to 
increase the data rate of cable network comparable to the 
fiber network with 10Gbps [1]. DOCSIS 3.1 has high 
flexibility in allocating PLC(physical layer-link channel) 
which transmits OFDM parameters and downstream 
profile information [2]. For the 10Gbps data rate, 
4096QAM should be used. Because 4096QAM has very 
small Euclidean distances between neighboring 
constellations, it can be distorted by even small 
degradations caused by the receiving signal processing. 
Therefore it is necessary to minimize the signal 
degradations in the receiving process. The reception of 
DOCSIS 3.1 DS signal requires high performance 
synchronization methods for the detection of the starting 
point of OFDM symbols, fractional and integer frequency 
offsets and PLC Preamble location. Especially the 
frequency offset estimation and compensation scheme is 
very important because it may result in the destruction of 
orthogonality among OFDM subcarriers and severely 
degrade the received signal. For FFO(fractional frequency 
offset) estimation, the cyclic prefix phase comparison 
method proposed by Beek et al can be used [3]. But for 
integer frequency offset estimation, an efficient method 
suitable for DOCSIS 3.1 DS is required.  

In this paper, we propose an IFO(integer frequency 
offset) estimation method based on the PLC preamble 
correlation of DOCSIS 3.1 DS. It determines the locations 
of PLC subcarriers in the frequency axis by detecting the 
maximum value of PLC preamble correlation. The exact 
PLC subcarrier location allocated in the transmitter side 
can be found by recovering the PLC data. When these two 
PLC location values are compared, the integer frequency 
offset can be estimated. If the spectrum of the received 
signal is shifted according to the estimated value, the 
integer frequency offset can be compensated for. We 
showed the performance of the proposed method with a 
typical OFDM STO(symbol timing offset) value in 
AWGN channel. 

2. Overview of DOCSIS 3.1 Downstream  

DOCSIS 3.1 system is developed for 10Gbps data 
transmission through the cable network. DOCSIS 3.1 DS 
system uses high order QAM modulation such as 
4096QAM for 10Gbps data rate. DOCSIS 3.1 DS has SPs 
(scattered pilots) for channel estimation and equalization 
and CPs (continuous pilots) for the sampling clock 
synchronizations etc [2]. The SPs repeat for every 128 
OFDM symbols. The CPs exist at the same subcarrier 
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locations for every OFDM symbol. There are two SP 
patterns: one for 4K FFT and one for 8K FFT. Although 
these pilots occur at different frequency locations in 
different OFDM symbols, the patterns repeat after every 
128 OFDM symbols, i.e. it has a periodicity of 128 OFDM 
symbols along the time dimension. 

2.1 Pilot Patterns of DOCSIS 3.1 DS 
We explained the 4K-FFT mode for convenience. An 

example of pilot patterns for 4K-FFT mode is shown in 
Fig. 1. The SP pattern is synchronized to the PLC. (Ed- 
already defined above) The first OFDM symbol after the 
PLC preamble has an SP in the subcarrier just after the 
highest frequency subcarrier of the PLC preamble marked 
as red circles in Fig. 1. The SPs are placed at the same 
subcarrier location for every 128 OFDM symbols along 
the time axis and every 128 subcarriers along the 
frequency axis [2]. From symbol to symbol, SPs are 
shifted by one subcarrier position in the increasing 
direction of the frequency axis. SPs are not placed both in 
the exclusion band and in the PLC band (Ed- I’ve 
presumed that you don’t mean “SPs are not placed in the 
exclusion band but rather in the PLC band”). When the 
location of an SP coincides with that of a CP, it is treated 
as a CP and not as an SP. 

The pilot pattern of 8K-FFT mode has almost the same 
SP pattern allocation as 4K-FFT mode except that pilots 
are stepped by two subcarriers from one OFDM symbol to 
the next [1]. By inserting SP subcarriers with 2 subcarriers 
span, the SPs of 8K-FFT do not cover all subcarrier 
locations. To solve this problem, the entire 8K-FFT SP 
locations can be shifted by one subcarrier location after 64 
subcarriers. As a result, the SPs cover all subcarrier 
locations and the periodicity of the 8K FFT SP pattern 
becomes 128. 

2.2 PLC Subcarriers in DOCSIS 3.1 DS 
The PLC in DOCSIS 3.1 DS transmits the modulation 

parameter information such as QAM order, interleaving 
depth, guard interval length, and PLC subcarrier location 
etc [2]. The PLC has a repetition period of 128 OFDM 

symbols, as shown in Fig. 1. The PLC consists of PLC 
Preamble of 8 OFDM symbols with BPSK and PLC data 
of 120 OFDM symbols with 16QAM.  

The PLC has 8 subcarriers for 4K-FFT, as shown in 
Fig. 2, and 16 subcarriers for 8K-FFT, as shown in Fig. 3. 
For 4K-FFT mode, the subcarrier spacing fΔ  is 50KH . 
There are ( )6 3120( 6 10 / (50 1 ))0= × ×  subcarriers in 6MHz 
PLC band and 56 subcarriers in both sides of PLC subcarriers. 
The 8 PLC subcarriers are located in the center, as shown in 
Fig. 2. For 8K-FFT mode, the subcarrier spacing fΔ  
is 25KHz.  There are ( )6 3240( 6 10 / (25 1 ))0= × ×  sub- 
carriers in 6MHz PLC band and 112 subcarriers in both 
sides of PLC subcarriers. The 16 PLC subcarriers are 
located in the center, as shown in Fig. 3. 

3. Proposed Integer Frequency Offset 
Estimation and Compensation 

In this section, we explain the conventional IFO 
estimation method used for other cable TV systems such as 
DVB-C2. Also we explain the proposed IFO estimation 
method for DOCSIS 3.1 DS in detail and explain why the 
conventional method used for DVB-C2 cannot be used for 
DOCSIS 3.1 DS.   

Fig. 1. Pilot Patterns of DOCSIS 3.1 DS 4K-FFT mode.

 

Fig. 2. PLC subcarrier structure of 4K-FFT mode in 
DOCSIS 3.1 DS.  

 
 

Fig. 3. PLC subcarrier structure of 8K-FFT mode in 
DOCSIS 3.1 DS.  
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3.1 Conventional IFO Estimation Method 
for DVB-C2 

The conventional IFO estimation method for DVB-C2 
is based on the correlation of the preamble pilots which are 
in preamble OFDM symbols [4]. Preamble OFDM 
symbols are inserted for every C2 frame to determine the 
starting point of C2 frame in the receiver side [5]. The 
preamble pilot is a known information. Therefore, when 
preamble OFDM symbols are detected, it is possible to 
correlate the preamble pilots to the received preamble 
OFDM symbols and determine IFO by detecting the 
maximum correlation value location in frequency axis [4].  

Preamble OFDM symbols can be detected in frequency 
domain after FFT block, as shown in Fig. 4. The FFO can 
be obtained by Beek’s method when OFDM symbol 
synchronization is obtained [3]. IFO and FFO are summed 
and compensated with NCO(numerically controlled 
oscillator). When the frequency offset FOf is compensated 
for, the demodulation of the received signal is started by 
applying the 2nd FFT block, as shown in Fig. 4. As 
explained above, the conventional IFO estimation method 
requires two FFT blocks, which may result in the heavy 
complexity increase in the receiver. 

To apply the conventional IFO estimation to DOCSIS 
3.1 DS, the CP pattern has to be known information to the 
receiver. Although the CP pattern of DOCSIS 3.1 DS is 
not known information, it is closely related to the location 
of PLC subcarriers defined in DOCSIS 3.1 specifications 
[2]. The CP pattern can be recovered when the PLC 
subcarrier location is found after PLC synchronization. 
The CP pattern is recovered according to the procedures 
defined in DOCSIS 3.1 specification [6]. But if the PLC 
subcarrier location is shifted by IFO, then the CP pattern is 
also shifted and the correlation gives a shifted maximum 

correlation point. It is difficult to determine IFO if the PLC 
subcarrier location defined in the transmitter is not known. 

3.2 Proposed IFO Estimation Method for 
DOCSIS 3.1 DS 

The proposed IFO estimation and compensation is 
based on PLC preamble correlation using PLC Preamble 
subcarriers of the Tx(transmitted) and the Rx(received). 
When the Tx and the Rx PLC Preambles coincide, the 
correlation is maximized [6]. So the detection of the 
maximum value can detect the location of the PLC 
subcarriers along the frequency axis in the received signal. 
Through the detection of PLC location from the received 
signal and the recovery of PLC location defined in Tx side, 
these two PLC locations can be compared and the IFO can 
be found. It requires one FFT block, as shown in Fig. 5.  

The steps of the proposed method are as follows. 
 

1. Step 1 - Detection of PLC Preamble subcarriers location 
in the received signal  
 
For correlation, Tx and Rx PLC Preambles of 2D signal 

have to be converted in 1D signal, as shown in Fig. 6.  
The same size of Rx signal with Tx PLC Preamble is 

applied for correlation. PLC Preamble has 8 OFDM 
symbols and 8 subcarriers for 4K-FFT, and 8 OFDM 
symbols and 16 subcarriers for 8K-FFT. The Rx signal 
selection window shifts along time and frequency axis, as 
shown in Fig. 7 for the 4K-FFT case. In time axis, the 
window moves from OFDM symbol 1~128, the PLC 
Preamble repetition period. In frequency axis, it moves 
N~(3800-N+1) for 4K-FFT and N~(7600-N+1) for 8K-
FFT, where N is 4 for 4K- and 8 for 8K-FFT. The selected 
Rx signal is converted to 1D signal, as described in Step 1. 

The detection of the PLC Preamble correlation 

Fig. 4. Block Diagram of the Conventional IFO
estimation method for DVB-C2. 

Fig. 5. Block Diagram of the Proposed IFO estimation 
method for DOCSIS 3.1 DS. 
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maximum value is performed along both time and 
frequency axes. The correlation of PLC preamble is 
performed with real and imaginary terms of the received 
signal, respectively, and their results are summed. When 
the maximum of the summed correlation results is detected, 
the exact location of PLC preamble in the frequency axis 
can be found.  

 
2. Step 2 –Extraction of PLC subcarrier location allocated 

in the transmitter side from PLC data 
 
When the location of PLC preamble is detected from 

the received signal, the PLC data can be extracted and 
recovered. For the demodulation of the received DOCSIS 
3.1 DS signal, it is necessary to know the applied OFDM 
modulation parameters and information of DS profile such 
as QAM order, time interleaving depth and, PLC 
subcarrier location, which are defined in the Tx side and 
stored in the OFDM channel descriptor and downstream 
profile descriptor [7]. They can be obtained by recovering 
the PLC data. For the IFO estimation, the information of 
PLC subcarrier location allocated in Tx side is needed and 
it can be obtained easily through the PLC data recovery.  

 
3. Step 3 –IFO Computation 

 
The detection of PLC Preamble correlation maximum 

value is performed in the ranges for time and frequency, as 
described in Step 2. The correlation is performed with a 
real term and an imaginary term [4]. The IFO can be 
computed by comparing the PLC subcarrier locations 
obtained from the PLC preamble correlation and recovered 
from the PLC data defined in Tx side. The difference 

between them is the desired IFO value.  
 

4. Step 4– IFO Compensation 
 

For the compensation of IFO, we presented two 
methods as typical ways. 

 
A. Shifting of the received spectrum according to the 

estimated integer frequency offset 
 
When the spectrum of the received signal is shifted 

according to the estimated integer frequency offset, then 
the location of the received spectrum shall be adjusted to 
the original position allocated in the transmitter side. 
Through this processing, the integer frequency offset is 
compensated for. For the guard band removal, the same 
numbers of subcarriers for both sides are eliminated, as 
shown in Fig. 8. 

 
B. Start point computation of the received spectrum 

with IFO 
 
Before the compensation of integer frequency offset, 

the received spectrum will be like the red one which is 
shifted according the estimated integer frequency offset, as 
shown in Fig. 9. When the starting point of active 
subcarriers in the shifted spectrum is computed, then the 
active subcarriers of an OFDM symbol can be obtained by 
extracting the 3800 subcarriers for 4K-FFT and 7600 
subcarriers for 8K-FFT, respectively.  

 

Fig. 6. Conversion of PLC preamble from 2D to 1D. 
 

 

Fig. 7. Correlation window shifts in time and frequency 
for 4K-FFT. 

 

 

Fig. 8. IFO compensation by the spectrum shift before 
active subcarrier extraction. 

 

 

Fig. 9. IFO compensation by extracting the active 
OFDM subcarrier from the computed starting 
frequency of the received spectrum. 
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The proposed IFO estimation method requires PLC 
preamble correlation to determine the PLC preamble 
location in frequency axis. When PLC synchronization is 
performed on the PLC preamble correlation, as explained 
in [8], then the PLC preamble correlation can be used for 
PLC synchronization and IFO estimation simultaneously. 
The detection of PLC preamble location is obtained during 
the PLC synchronization process, in that point the 
proposed method has advantages in computation 
complexity. 

4. Simulation Results and Analysis 

In computer simulation, we focused on the detection of 
the PLC subcarrier location in the received signal. When 
the PLC subcarrier location is detected, then the PLC data 
can be restored and the PLC subcarrier location allocated 
in transmitter side-the exact PLC subcarrier location-can 
be also found. Therefore, it is important to determine the 
PLC subcarrier location in the received signal. The 
experiments of PLC preamble detection in time and 
frequency axes were performed already and showed good 
performances with low SNR in AWGN [6, 8]. In this paper, 
we focused on the PLC subcarrier location detection 
performance based on PLC preamble correlation by 
applying several predefined integer frequency offsets. 

4.1 PLC Preamble Auto-correlation 
Characteristics 

The correlation characteristics of BPSK modulated 
PLC preamble have maximum correlation values 64 (8x8) 
for 4K-FFT and 128(=8x16) for 8K-FFT, as shown in Fig. 
10. 

4.2 Integer Frequency Offset Estimation  
In performance analysis, the applied SNR is 15dB in 

AWGN channel considering the 16QAM PLC data 
reception and OFDM symbol timing offset STO=255 as a 
typical value. The applied FFO is FFO= 36.4 10−× as an 
example for VCXO with 1ppm tolerance in 300cf = MHz, 
but when Beek’s method is applied the mean squared error 
between the applied FFO and the estimated one can be 
reduced to 5ε̂ 10−≤ [3]. The locations of PLC subcarriers 
are 348~355 for 4K-FFT and 688~703 for 8K-FFT. 
Through computer simulation, we examined the locations 
of the detected PLC subcarriers according to the 
predefined integer frequency offset values +2~-2. The 
exact PLC location can be found after PLC data recovery. 
Therefore, when the PLC subcarrier location in the 
received signal is found, the estimation of integer 
frequency offset becomes possible.  

The simulation results for 4K-FFT mode are shown in 
Fig. 10. The applied integer frequency offsets vary from 
+2 to -2 for (a)~(e), respectively. The maximum values of 
PLC correlation are found on the shifted location to the 
integer frequency offset, as shown in (a)~(e) of Fig. 11.  

For 8K-FFT mode, the results are shown in Fig. 11. 

They show similar results with 4K-FFT mode. So when 
the detection of the PLC subcarrier location is possible 
whether it is shifted by the integer frequency offset or not, 
then the integer frequency offset can also be estimated by 
the detection of the shifted PLC subcarrier location and the 
comparison with the PLC location recovered from PLC 
data.  

5. Conclusion 

In this paper, we proposed an integer frequency offset 
estimation and compensation method based on the PLC 
preamble correlation for DOCSIS 3.1 DS. The PLC 
subcarrier location in the received signal can be found by 
detecting the maximum PLC preamble correlation value. 
When the locations of PLC subcarriers are found, the PLC 
subcarrier locations allocated in the transmission side can 
be found by recovering the received PLC data. By 
comparing these two PLC subcarrier locations, the integer 
frequency offset can be estimated and compensated for.  

The proposed method also has advantages in terms of 
computation complexity. The PLC preamble correlation is 
performed during the PLC synchronization. Therefore, 
IFO estimation can share the correlation process with PLC  

 
(a) PLC Preamble correlation characteristics of 4K-FFT 

 

 
(b) PLC Preamble correlation characteristics of 8K-FFT 

Fig. 10. PLC Preamble correlation characteristics of 
4K- and 8K-FFT modes. 
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Fig. 10. PLC subcarrier location detection to IFO value
for 4K-FFT. 
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Fig. 11. PLC subcarrier location detection to IFO value 
for 8K-FFT. 
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synchronization and no other correlation process is needed 
[8]. 

Through the computer experiments, the proposed 
integer frequency offset estimation and compensation 
method showed good performances with low SNR in 
AWGN. In future research, performance analyses are 
needed in multipath channel with channel estimation. 
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