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ABSTRACT 

The telemetry community has been challenged in its search for additional spectrum for its 

aeronautical mission. With a fixed amount of spectrum the challenge becomes focused on 

increased spectrum efficiency. Today’s best solution for spectrum efficiency is Orthogonal 

Frequency Division Modulation (OFDM). This approach has proven effective with both cellular 

LTE as well as IEEE 802.11 wireless LAN systems. OFDM has seen limited use in telemetry 

systems in part due to issues related to high peak to average ratio of OFDM signals. This paper 

reviews approaches to resolving these issues and proposes a scheme for peak conditioning of 

OFDM signals to reduce the peak to average ratio. Results of preliminary experimental work are 

promising. 

Key words: OFDM, Adaptive OFDM (AOFDM), Link Dependent Adaptive Radio (LDAR), Peak-to-
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1.INTRODUCTION 

Improving the bandwidth efficiency of aeronautical channels has been one of the goals of the 

integrated Network Enhanced Telemetry (iNET) project.  Orthogonal Frequency Division 

Multiplexing (OFDM) is widely used in many digital communication systems such as cellular 

networks. OFDM is known to provide high data rates, strong resistance to multipath effects, and 

high spectral efficiency. However, the transmitted signal suffers from a high Peak-to-Average 

Power Ratio (PAPR) which degrades the signal. A sample of 1000 OFDM Peak to Average 
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signal for 4QAM 64 tone OFDM is shown below in Figure 1. Note the max signal peak/avg is 4 

so the PAPR max would be 16. 

 

Figure 1: Samples of OFDM PAPR Signal 

Several studies have focused on PAPR reduction techniques. PAPR reduction approaches are 

categorized into three broad classes: signal distortion, coding schemes, symbol scrambling 

techniques, and Tone Reservation (TR). Signal distortion techniques apply methods such as 

signal clipping that digitally clip the OFDM signal before the transmitting amplifier with 

minimal distortion [1].  Coding schemes select code words that minimize PAPR [2]. Symbol 

scrambling techniques add side information by using some of the subcarriers for peak reduction. 

Selective Mapping (SLM) is one of the popular implementation of this technique [3]. Other 

techniques such as Tone Reservation (TR) implement simple yet efficient PAPR reduction 

without adding side information. However, the drawback with this technique is waste of 

bandwidth as some of the subcarriers are dedicated for PAPR reduction [4].  

This paper addresses the PAPR issue in the application of OFDM into aeronautical channel. In 

this case, using the TR method,  pilot tones are added to the OFDM signal which conditions the 

symbol to reduce the PAPR.  
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2. LINK DEPENDENT ADAPTIVE RADIO 

Since the development of the integrated Network Enhanced Telemetry (iNET),the development 

of systems which improve the bandwidth efficiency of conventional point-to-point aeronautical 

channels has been one of the primary goals. The iNET project at Wireless Network Security 

(WiNetS) Lab at Morgan State University aeronautical channel modeling is based on Orthogonal 

Frequency Division Multiplexing (OFDM).  

In addition, OFDM has been central to attempts to develop a Link Dependent Adaptive Radio 

(LDAR) scheme where the channel model adapts to changes in the channel condition in real 

time. Adaptation mechanisms such as Signal-to-Noise Ratio (SNR) or delay spread are measured 

in real time to select a data rate for the communicating entities that improves the bandwidth 

efficiency while keeping the quality and reliability of the channel. Central to using OFDM for 

LDAR is the mitigation of the PAPR of this modulation scheme as addressed below. 

2.1 Radio channel Model 

The aeronautical channel modeled in this work to replace the traditional point-to-point 

communication is as shown in Figure 2. 

 

Figure 2: OFDM Block Diagram 

At the transmitter side, the data bit stream passes through an encoder which implements the 

encoding for error control. The encoded bits are QAM-encoded in the modulation block. The 

encoded bits are parsed via a serial-to-parallel converter where an Inverse Fast Fourier 

Transform (IFFT) process converts the signal from the frequency domain to the time domain. To 
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reduce Inter Symbol Interference (ISI) during transmission, Cyclic Prefix is applied before the 

data is transmitted into the radio channel. 

The reverse operations are applied at the receiver to get the transmitted data. At the receiver the 

cyclic prefix is removed and a Fast Fourier Transform (IFFT) is applied to convert the signal 

from the time domain to the frequency domain. The FFT output is parsed via a parallel to serial 

converter, where QAM demodulation is applied. QAM demodulated signal results in the 

received a bit stream which estimates the source data.  

3. PEAK-TO-AVERAGE POWER REDUCTION APPROACHES 

The PAPR reduction of OFDM has seen several approaches over the past decade. These include 

1. Conditioning of PARP using coding such as the Reed-Muller codes 

2. Peak clipping and Filtering 

3. Tone Reservation Methods 

These methods can be used independently and in some cases in combination. This work is 

principally focused on the Tone Reservation method with some novel additions. 

 

The PAPR is defined as the ratio of the peak power of a signal to the average power    

𝑃𝐴𝑃𝑅 =
max(|𝑥(𝑛)|2)

𝑚𝑒𝑎𝑛(|𝑥(𝑛)|2)
 

More generally the Peak to Average power of OFDM with𝑁 tones has a maximum value of 𝑁 in 

the unlikely case where all the tones constructively combine at some time. In practice PAPR 

values for OFDM frames of 16, 32, 64, and 128 are in the range of 9-14dB whereas a QPSK 

signal has a PAPR of 4dB. 

 

3.1 Method using Reed Muller codes 

The work in [5] presented a coding scheme for binary, quaternary, octary, and higher order 

modulation which builds on properties of the Golay and Red-Muller codes. A coset of these 

codes are selected for the specific symbol to minimize the PAPR for that symbol. It can deal 

adaptively with varying channel constraints by allowing simple changes to properties such as 

code rate, PMEPR, and error correction capability. They provided straightforward and efficient 
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algorithms for encoding and decoding. These approaches had the advantage of a reduced PAPR 

of 6dB for a 32 tone OFDM while incorporating error correction into the system. The 

disadvantages of this approach includes the tight coupling of coding to the physical layer, the 

complexity of moving to larger symbols, the potentially large search for low PAPR cosets, and 

the limited performance of the coding  for some channels. Pre-coding techniques using 

Hadamard transform are also applied in PAPR reduction designs [6]. 

 

3.2 Method using Peak Clipping and filtering 

When we use linear amplifiers that have inputs that exceed a nominal value, we could have an 

output with a nonlinear distortion.  Figure 3 shows the input and output characteristic for a 

typical High Power Amplifier (HPA) showing. The input power is shown as𝑃𝑖𝑛 and the outputs 

power is shown as𝑃𝑜𝑢𝑡. To keep the linearity, the maximum output power is limited by the 

value𝑃𝑜𝑢𝑡
𝑚𝑎𝑥  and the maximum input power is bounded by𝑃𝑖𝑛

𝑚𝑎𝑥. Both the input and output power 

are reduced to insure  linear operation reflected  by Input Back-Off (IBO) and Output Back-Off 

(OBO) thresholds. 

 

Figure 3: Input and Output of a High Power Amplifier 

The clipping is the easiest technique to reduce the PAPR by clamping a maximum level for the 

transmitted signal [7]. This technique however has several disadvantages: The bit error 

performance is degraded due to the distortion caused by the clipping.  Out-of-band radiation 

usually appears with clipping technique that affects the adjacent channels. The technique for 

clipping is straightforward as shown in Figure 4. 
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Figure 4: Peak Clipping and Filtering 

The clipping is done in the time domain. The results are then band pass filtered to remove 

interference and then converted to baseband and low pass filtered. Clipping is performed on 

OFDM symbols 𝑋𝑛 = {𝑥1, 𝑥2, . . . , 𝑥𝑛}as: 

 

𝑋𝑛 = {
𝐴𝑆𝑖𝑔𝑛(𝑥𝑛)𝑖𝑓𝑥𝑛 > 𝐴
𝑥𝑛,𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

Where A is a chosen upper bound of the signal. By selecting 𝐴,one can achieve arbitrarily lower 

PAPR but at the cost of distortion. As 𝐴 is reduced, the symbol becomes so distorted as to result 

in an irreducible error rate. 

 

3.3 Tone Reservation Methods 

Tone reservation methods use reserved tones such as pilot tones to improve PAPR for OFDM. 

These methods have the advantage of improving the PAPR without the introduction of distortion 

to the signal. A strategy for tone reduction is shown below in Figure 5. 

 

 

Figure 5: Tone Reservation Method 
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3.4 PAPR Reduction Approaches Using Pilot Tones  

These approaches work by using the pilot tones to cancel the peak signals in the OFDM symbol. 

The test case selected was the commonly use 64 sample 4QAM OFDM tone structure where 8 

tones are typically reserved for channel equalization. Complimentary tones are generated by a 

search or by analysis to find a choice that cancels peaks. Since OFDM tones are orthogonal, they 

do not interfere with the data carrying symbols. Two approaches were developed. 

 

Method 1: Search from all possible variations of the 8 4QAM pilot tones 

A subset of all possible 4QAM tones for all 8 pilot tones is searched to find the lowest PAPR as 

in Figure 6 below.  

 

 

Figure 6: Method 1 for Pilot Computation from Clipped OFDM Symbol 

By trial end error it was determined that random search of 210of the 216 possible choices ofpilots 

was sufficient. A sample run of 50 frames of 4QAM 64 tone OFDM symbols with randomdata 

provides the improvement in Peak to average signal shown in Figure 7 below. 

 

Figure 7: PAPR Reduction Ratio using Method 1 
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The improvement in peak to average signal averaged 1.23 or 1.5 in PAPR. 

Method 2: Estimate the optimum Pilot tones from a center clipped OFDM symbol 

A second approach used an analysis of the OFDM symbol to select the value of the 8 pilot tones 

for cancelation. The method is shown below in Figure 8. 

 

Figure 8:  Method 2 for Pilot Computation from Clipped OFDM Symbol 

This approach attacks the OFDM symbol peaks directly. The center clipping removes (sets to 

zero) all of the samples except for the peak values which exceed twice the mean value. It then 

transforms the clipped signal to the frequency domain where the 8 pilot tones can be computed 

as the negative of the clipped. These pilots are then added in to the original OFDM to cancel the 

peaks. The performance of this approach can be seen in the figure below which show the original 

and the new (conditioned) peak to average values in red for 50 frames of random trials. (Note 

that the PAPR would be the square of these values). This approach is significantly more 

computationally efficient than the search for 4QAM pilot tones discussed above. 

 

Figure 9: PAPR for 50 frames, Original Signal (Blue) and New Signal (Red) 



9 
 

These results are encouraging. Every frame shows a reduction in PAPR. Further the largest peaks 

show the most improvement. These results are best understood statistically. For, while the worst 

case peak values may drive guaranteed performance the average case will drive the real 

performance. A histogram of the original OFDM symbol peak to average values can be 

compared to the conditioned values over 1000 random trials to see the results as below in Figure 

10..

 

Figure 10: PAPR (a) Original Signal (b) New Signal 

These show a significant reduction overall in the peak to average signal but, perhaps more 

significantly, there is a marked reduction in high PAPR symbols. In a real application this 

approach could be followed by a clipping and filtering process to guarantee PAPR performance. 

In this example setting a threshold of 3 would see clipping about 1% of the symbols whereas 

10% of the original would be clipped.  

4. CONCLUSIONS 

This paper provides a summary of previous work done on PAPR reduction for OFDM. A new 

technique for PAPR reduction with reference tones was introduced which used pilot tones to 

cancel peaks in OFDM symbols. This techniques shows promise for real applications and can be 

used in conjunction with clipping methods. 

(a) (b) 
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