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Abstract—this paper discusses a method to reduce Peak to 

Average Power Ratio (PAPR) of Orthogonal Frequency 

Division Multiplexing (OFDM) signals using Time Interleaved 

Phase Modulated Complementary Codes. 
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1. Introduction 

OFDM signals have been successfully applied to many 

communication systems operating in frequency selective 

fading channels. This is due in part to their simple equalizer 

structure. One major drawback of OFDM signals is their 

large Peak to Average Power Ratio (PAPR) [1], which to 

avoid clipping and the associated spectral re-growth due to 

the clipping, requires significant back-off of the average 

power level in the power amplifier (PA). The PA back off 

seriously decreases the efficiency of the PA and the 

available power from the transmitter. One way to decrease 

the PAPR of an OFDM signal is to use codes or mapping 

processes that inherently exhibit a low PAPR. Golay Com-

plementary Codes have been used for this purpose in an 

earlier system called Magic Wand (Wireless ATM Network 

Demonstrator) [2]. In this paper we improve on the 

technique used in Magic Wand with a technique to form 

OFDM signal sets with a large number of spectral bins 

while maintaining low peak to average power ratio. 

2. Complementary Coded OFDM (CC OFDM) 

Complementary Codes or sequences are sets of binary 

spreading codes characterized by the property that the sum 

of their auto correlation sequences exhibit no side lobes 

hence correspond to a single impulse at zero offset [3]. This 

property is easily extended to non-binary, or polyphase 

complementary spreading of the form used in IEEE 

802.11b. 

For a pair of sequences a and b, each of length N to be 

complementary, the following property must hold true:               
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The Fourier Transform of an autocorrelation function is its 

power spectrum. Hence, transforming the relationship 

shown above leads to the following: 

                    
2|)(| A  +  

2|)(| B    =   N2                      (2)  

where 
2|)(| A  and 

2|)(| B  are the power spectra of a 

and b respectively. The maximum value of the individual 

power spectrum is limited to 2N as shown: 

                                
2|)(| A N2                                      (3) 

Since the codes are binary, the average power of the 

sequence is N as shown below: 

                            Average   
2|)(| A   = N                        (4) 

We thus conclude that the peak to average spectral levels of 

the complementary code is: 

                               
2

2
N

PAPR
N

                                       (5) 

By applying the code as phases of a set of complex 

sinusoids of an IDFT will obtain a time series with a peak 

to average power ratio of 2. The code used in MAGIC 

wand maps 4 QPSK input phases to 8-phases of a 

controlled PAPR signal. This code has a coding rate of 4/8 

which means that half of the bins in the OFDM IFFT are 

redundant, with the redundancy purchasing the improved 

PAPR. The next length code maps 5 QPSK input phases to 

16-phases of the controlled PAPR signal. This code has a 

code rate of 5/16 which proves to be too expensive a way 

to purchase the improved PAPR. One response to this 

problem partitions the total number of sub-carriers into 

smaller groups and applies a complementary code to each 

group of sub-carriers. Though this method controls the 



code rate, it fails to adequately control the PAPR of the 

resultant OFDM signal. In general, the PAPR for a 

partitioned set is 10log10(2n), where n is the number of  

sub-carriers groups. 

For reference, the instantaneous power profiles of 

standard OFDM signal set and CC OFDM signal set are 

presented in Figure 1 and Figure 2. We see the significant 

difference in peak to average power ratios in the two  

series. Consider a case where we have 16 sub-carriers. In 

this case we split these 16 sub-carriers into two groups of 8 

and apply length 8 complementary code to each group. The 

resultant time series in this case, will have a PAPR of 10 

log10(2*2) = 6 dB. On the other hand a complementary 

code of length 16 in the OFDM signal would have a PAPR 

of 10log10(2) = 3 dB but have a code rate of 5/16 rather 

than 1/2. The 3dB increase in PAPR is due to splitting the 

sub-carriers into 2 groups as shown in Figure 3. 

 

Figure 1: Standard OFDM Signal 

 

Figure 2: Complementary Coded OFDM Signal 

PAPR control deteriorates with further increases in the 

number of sub-groups. For example, partitioning 32 sub-

carriers into 4 groups of 8, results in a PAPR of 10log10 

(2*4) = 9 dB, which is 6dB greater than the PAPR when 

using a length 32 code with rate of 6/32. 

In this paper we propose a novel method of splitting 

the total number of sub-carriers into smaller groups of 

reasonable length complementary codes while making the 

PAPR of the resultant OFDM signal independent of the 

number of groups. We achieve this by applying separate 

complementary codes to the individual groups and then 

time interleaving them to construct the composite OFDM 

signal.  

 

Figure 3: Partitioned CC OFDM with 2 sub-groups 

As a result of time interleaving, the sample values from 

the individual time series from separate groups, would fall 

on the zero crossings of the other series. As a result the 

PAPR of the combined series would be confined to a 

maximum value of 2. 

3. Time Interleaved Complementary Code Phase 

Modulation 

We explain the process by considering the interleaving of 

two spectral sub groups. Conceptually, the process works 

as follows. Consider an example where we have 16 sub-

carriers. We first partition these 16 sub-carriers into two 

groups of 8 sub-carriers, say group A and group B so that 

we can use shorter length complementary codes. Now we 

zero pack each time series corresponding to group A and 

group B. This is same as replicating the spectrum so as to 

have two copies of the spectrum as shown in Figure 4. 

 

Figure 4: Zero Packing resulting in Spectral Replication 

Thus repeating the spectrum twice gives us twice as many 

samples in time domain with every other sample identically 

zero.  Now, we circularly shift the zero packed time series 

of group B one time sample so that sample values of time 

series of group B now lie on the zero crossings of the time 

series of group A. As a result the two series can be time 

interleaved and PAPR of the resultant time series confined 

to a maximum value of 2. The one sample shift of the time 

series of group B induces a frequency dependent phase 

shift of the replicated spectra of group B. The interleaving 



results in the sum of two spectra, the replicated spectra of 

group A and the replicated spectra of group B phase shifted 

as shown in Figure 5. 

 

Figure 5: Time Interleaving between two sub-groups 

This operation is performed directly in the frequency 

domain and is seen to be the standard butterfly structure of 

a radix-2 FFT as shown in Figure 6.  In Figure 6, X and Y 

are the input vectors corresponding to group A and group B 

respectively.  We use a radix-2 FFT structure to combine 

two spectra of length N/2. Combining these vectors in a 

radix-2 FFT pass as shown in Figure 6, gives us 

X+Y*exp(-j2πk/N) when  k ranges from 0:N/2-1 and X-

Y*exp(-j2πk/N) when k ranges from N/2:N-1, where N is 

the number of points in the IFFT. This is because of the 

symmetry property of the phase factor mentioned in 

equation 6. 

By the Symmetry property, we have   
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  and N is the number of points in the 

IFFT. 

 

The phase shift applied to the Y(K) spectral samples causes 

the one sample time shift of the y(n) time sample sequence 

thus accomplishing the desired time interleave. 

Now applying these 8 phase vectors X+Y*exp(-

j2πk/N) and X-Y*exp(-j2πk/N) as phases of set of complex 

sinusoids of a 32 point IFFT yields a time interleaved 

sequence at the output of the IFFT between sub-carrier 

group A and group B as shown in Figure 7. From Figure 7, 

we can see that the PAPR of the resultant OFDM signal is 

back to a maximum value of 2. Thus even though we split 

the total number of sub-carriers to use feasible length 

complementary codes, we are able to preserve the PAPR of 

the OFDM signal to a maximum value of 2. Next, in order 

to have a spectral guard band, we spin the spectrum to the 

quarter sample rate as shown in Figure 8. 
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Figure 6: Radix-2 FFT structure used for Time 

Interleaving 

 

Figure 7:  Time Interleaved CC OFDM 

 

Figure 8: Rotated Spectrum of Time Interleaved CC 

OFDM 

Figure 9 shows the amplitude level probability curves for 

standard OFDM, CC OFDM and CC OFDM with time 

interleaving. From Figure 9, we can see that, with Standard 

OFDM, there is significant probability that the amplitude 

would cross √2 with 16 sub-carriers. With Complementary 

Coded OFDM, if we use a length 16 complementary code 

we would achieve maximum amplitude of √2, but by 

splitting these 16 sub-carriers into 2 groups of 8 sub-

carriers each and using smaller length complementary 

codes, we degrade to maximum amplitude of 2, thus a 3dB 

loss in PAPR control. But with Time interleaving used, we 

can see that the probability of having any amplitude greater 

than √2 is zero, and thus we recover the 3dB loss in PAPR 

control. Next, we consider a case with 24 sub-carriers 

divided into three groups of 8 to use shorter feasible length 

complementary codes. In this case, partitioned OFDM 

would yield a PAPR of 7.78dB, where as with Time 



Interleaved CC OFDM, we would achieve a PAPR of 3dB, 

thus achieving a gain of 4.78dB in PAPR control as shown 

in Figure 10.  

 

Figure 9: Amplitude probability curves for standard 

OFDM, partitioned CC OFDM and Time Interleaved CC 

OFDM plotted for 16 sub-carriers 

 

Figure 10: Time Interleaved CC OFDM with three sub-

groups 

Similarly, in case of 32 sub-carriers split into four groups 

of 8 each to use feasible length complementary codes, 

partitioned OFDM would yield a PAPR of 9dB, whereas 

with Time Interleaved CC OFDM, PAPR would be 

confined to 3dB, giving a 6dB gain in PAPR control. This 

difference in PAPR only increases with increase in the 

number of total sub-carriers and need for using shorter 

feasible length complementary codes.  

4. Improving Bandwidth Efficiency of Interleaved 

CC-OFDM with Increase in PAPR 

With CC OFDM using Time Interleaving, we do get a 

significant improvement in PAPR control compared to 

standard partitioned CC OFDM, when we have larger set of 

sub-carriers, but the bandwidth efficiency, near 50%, 

remains the same. This can be further improved at a 

marginal increase in PAPR as discussed next. 

From Figure 8, we have a central unoccupied 

frequency band which can be used to squeeze another 

complementary coded sequence as shown in Figure 11. 

This would increase the overall PAPR of the resulting 

series only marginally as the new complementary series 

added in the unused band would have lesser energy 

compared to the original signal, and at the same time we 

would have 24bits/symbol as opposed to 16 bits/symbol for 

the resultant signal. In general, for n sub-carrier groups, 

with time interleaving, the spectrum would have (n-1) 

spectral gaps unused. This makes way for other 

complementary coded series to be added in the unused 

band at the cost of marginal increase in PAPR of the 

original signal for every new complementary series added 

in the unused gaps, with each one of these contributing 

lesser energy compared to the original signal.  

 

Figure 11:  Time Interleaved CC OFDM with improved 

bandwidth efficiency 

In general, by allowing a small increase in PAPR, we 

can increase the data rate by [N-n] bits/symbol, where n ~ 

no. of sub-carriers in each group and N ~ total number of 

sub-carriers considered initially. Also, Figure 12 shows 

comparison between cumulative complementary probability 

amplitude density for 32 sub-carrier mapping for standard 

OFDM, partitioned complementary coded OFDM, for Time 

Inter-leaved Complementary Coded OFDM and for Time 

Interleaved Complementary Coded OFDM with improved 

bandwidth efficiency.  

From figure 12, we can see that with a marginal 

increase in PAPR required to achieve higher data rates, the 

PAPR is still better than the partitioned complementary 



coded OFDM signals as each of the spectrally interleaved 

CC codes would have lesser energy compared to the 

original signal. We thus have a possible trade off between 

bandwidth efficiency and peak to average power ratio 

reduction. Depending upon the design constraints one can 

make an appropriate choice. 

 

Figure 12: Amplitude probability curves for standard 

OFDM, partitioned CC OFDM, time interleaved CC 

OFDM & time interleaved CC OFDM with improved 

bandwidth efficiency for 32 sub-carriers 

5. Concluding Review 

We have reviewed the mechanism by which the 

complementary code (CC) mapping controls PAPR in an 8-

point OFDM signal set. We then introduced a method to 

merge, via time domain interleaving, multiple 8-point CC 

mappings into larger size IFFTs while preserving the 

extraordinary PAPR control exhibited by the short CC 

code. We also presented a technique to spectrally interleave 

sets of CC codes to obtain high spectral efficiency at the 

cost of a slight increase in PAPR level. We did not discuss 

the improved error performance due to the redundancy 

inherent in the CC mapping. We refer the interested reader 

to [4].   
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