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ABSTRACT 

This paper presents the test results of an Adaptive Orthogonal Frequency Division Multiplexing 

(AOFDM) modulation system for the improvement of Power Efficiency on the radio link. This 

work develops a framework that includes Power Efficiency and Spectrum Efficiency bounds, and 

combines this with Spectrum Usage and Delay constraints on the radio link. It further develops a 

strategy for improving the Power Efficiency subject to constraints on delay and radio link Signal to 

Noise ratio (SNR) conditions. 
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INTRODUCTION 

As a part of the iNET project, the Wireless, Network and Security (WiNetS) Lab at Morgan State 

University has explored the operational structure of an Adaptive Orthogonal Frequency Division 

Multiplexing (AOFDM) scheme and also later implemented AOFDM for various aeronautical 

channels. Previously our work has proven AOFDM to be an ideal candidate for an adaptive and 

optimal modulation scheme for each tone in the Orthogonal Frequency Division Multiplexing 

(OFDM) symbol [1]. Our previous work on implementation of AOFDM indicated that the cruise 

channel varied slowly and predictably over time which specify the channel as remarkably stable. In 

addition, the steady state channel of AOFDM presented a 2-ray multipath model and shows deep 

null in the channel spectrum, that negatively affects serial tone modems significantly with the 

introduction of noise and severe phase distortion. Additional work demonstrated enhanced 

performance over a simulated test flight scenario [2]. While these efforts worked to enhance 

Spectrum Efficiency, this work is focused on using the same AOFDM scheme to enhance Power 

Efficiency. 

AOFDM STRUCTURE 

The AOFDM system model has been developed to maximize the throughput of the aeronautical 

channel for telemetry applications. This application exhibits the need for enhanced data 

throughput for a down link channel and the presence of a minimal up link. The overall structure 

of the AOFDM model is presented in Figure 1 [3]. The most important design factor of the model 

structure is the introduction of a back channel which communicates the information of the 

adaptive M(order) Quadrature Amplitude Modulation (MQAM) for each tone with a system for 

adaptation. 

 

Figure 1: AOFDM Block Diagram 
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This system is comprised of a traditional OFDM modulation and demodulation structure, an 

aeronautical channel simulation, an adaptive equalizer, and a feedback channel with information 

to adapt the modulation structure M in an MQAM scheme. The channel simulation incorporated 

two approximately equal paths with the addition of noise and a Doppler of approximately 40 Hz. 

The adaptive equalized used a simple gradient equalized for amplitude and phase separately 

based on the estimated error at the receiver. The feedback channel shown in Figure 1 is the key to 

this scheme. It develops an estimate of the best M value for subsequent MQAM frames based on 

a measurement of signal to distortion ration (SDR) at the receiver, where the changes are 

constrained to increment or decrement the M value over a range of M = 2,4,8,16,32,64. 

 

EXPERIMENT SETUP 

In our previous studies, we estimated the state of the channel Signal to Distortion Ratio (SDR) 

from measured channel conditions [3]. Setting up the simulation environment, we set the 

Channel as a 2-ray model with 25 dB null, which is a typical steady-state aeronautical channel. 

Next, we introduced a 40Hz phase shift into the channel, with symbol rate of 4 microseconds. 

Compared to the 40Hz phase shift, the symbol rate is relatively small and semi- stationary. A 

40 Hz is twice the amount of phase shift we would observe for a Mach 1 Test- article, when 

the Test-article is perfectly aligned with the direction of base station presenting the worst-case 

scenario. At this stage, we introduced an Adaptive Gradient Equalizer for each tone – with 100 

frames of training. The Equalizer can adapt with a particular amplitude and phase of the error 

associated with the channel [3]. 

The MQAM’s estimated values for the experiment were 64, 32, 16, 8, 4 and 2 QAM. The rate and 

structure of the QAM was designed to increase or decrease, in order to adjust the average error 

rate around 10^-4. This adjustment was made considering the measured distortion or the 

threshold. The entropy of each tone was measured for the back channel. Next, we measured the 

data throughput during each test: 6 bits per tone for 64 QAM, 5 bits per tone for 32 QAM, 4 bits 

per tone for 16 QAM, 3 bits per tone for 8 QAM and 2 bits per tone for 4 QAM. Considering the 

Signal to Noise Ratio (SNR) of our channel, these data throughputs compared well with Shannon 

Limit [3]. 
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Power Efficiency, Spectrum Efficiency and Delay Bounds 

The Power Efficiency and Spectrum Efficiency bounds on a channel follow directly from 

Shannon’s Channel Capacity equation: 

   R = W log2 (1 + SNR)                                                (1) 

Where R is the maximum bits/symbol, W is Bandwidth and SNR is the S/N ratio and 

where:  

S/N= (Eb/No) (R/W)                                                   (2) 

Where Eb/No is the Energy/bit per Noise Spectrum Density, the Power Efficiency and 

R/W is the Bits/Symbol/Hz, the Spectrum Efficiency 

Combining 1&2 and solving for Eb/No yields 

Eb/No= (2R/W – 1)/R/W                                                    (3) 

This provides a joint bound of the Power Efficiency and Spectrum Efficiency. This bound points 

to the tradeoff between these two measures on a given channel. This relationship can be shown 

graphically as in Figure 2. 

   

   Figure 2 Spectrum Efficiency vs Power Efficiency 

Figure 2 shows both the Theoretical (Shannon) and a more Practical bound for this equation. In 
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practice one would begin, as we do, with a measure of the SDR and proceed to estimate the 

maximum R/W one might achieve on this channel. If however Energy Efficiency is desired, one 

would reduce the Spectrum Efficiency to satisfy the demand on the channel. This leads to our 

second limitation which is delay. The Spectrum Efficiency must be sufficient to support the 

demand for data such that a data buffer not exceed some practical delay in the system. 

The delay in the system can be described as: 

Delay = Ts/(1-)         

Where Ts is the delay of a frame of OFDM and  represents the % Occupancy, i.e., the demand 

compared to the chosen R.  This relationship is shown in Figure 3 

  

    Figure 3 System Delay vs Utilization 

This chart demonstrates a key property of Queueing Theory which shows how delay can grow 

exponentially to infinity as the channel occupancy approaches utilization of 100%. Such a delay 

assumes that data arrival is a random process with a Poisson probability distribution.  

APPROACH 

Given the bounds on Power Efficiency, Spectrum Efficiency and Delay shown above, one might 

proceed to set the Power Efficiency to support the Rate R that supports some maximum delay. 

Such a scheme is shown in Figure 4. This shows the limitations of the system driven by two 

bounds: The En/No measure of the channel energy density, and the Max delay related to the 
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channel utilization. 

 

Figure 4. Joint Bounds on Eb/No and Delay for Adaptive Control 

In practice the random arrival of data would make such a scheme impractical. A practical approach 

to reduce Power Efficiency would incorporate an adaptive control scheme that would track the 

delay directly by observing the data buffer, and adjusting the rate R to maintain the buffer below 

some threshold. 

FINDING AN OPERATING POINT 

In a real AOFDM system we are limited by the Capacity of the System which is expressed as 

Bmax, the maximum number of bits we can transmit in a frame. We are further limited by the 

Maximum data we can manage to keep the delay below some MaxD. 

So Adaptive Control of for Minimum Power does the following: 

1. Check the Queue. If it is at or above MaxD, then no constraints on the spectrum efficiency. 

Send Bmax bits this frame 

2. If Buffer is below MaxD, set Target rate to the Average of recent demands per frame 

(Mtarget) 

3. To achieve the lowest power, build the packet using all the available tones with the smallest 

symbol size (Mqam) possible. Start at 2, then increase to 4, 8,16,32,64, etc. 

4. Accumulate the number of bits budgeted at each step 

5. When Mtarget bits have been allocated, you are done. 
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6. You have used the most power efficient Mqam structure for the data demanded within delay 

constraints and channel capacity  

Note that this strategy makes a few assumptions to be viable. First it is assumed that the maximum 

Mqam values are available and reliable at the transmitter. This assumes a reverse channel with 

modest capacity. Experiments in [1,2] show that the entropy of the values over the aeronautical 

channel is below 1 bit per frame and hence a simple low bandwidth delta coding scheme would 

suffice. Second, the value of the Mtarget bits for each frame is required to be known at the receiver 

in order to demodulate the data. A delta coding scheme might also be devised in this case. The 

Mtarget values could readily be constrained to follow this coded value with little change in overall 

performance. It is noted that given knowledge of the Mqam values, and given the value of the 

Mtarget number of bits, the allocation of bits to tones is predetermined. 

RESULTS 

Experimental results were achieved by taking experimental results for the AOFDM operation on 

the Cruise channel from earlier work [1,2]. This gave us a measure of the largest Mqam value for 

each tone over the 1000 frames in this experiment. We added Poisson pdf based Monte Carlo data 

simulation as a source for data demand. We then proceeded to adaptively control the modulation 

(Mqam) of the OFDM to jointly manage the buffer (delay) and use the lowest possible Mqam and 

the associated minimum Eb/No for each tone. The results of this experiment are shown in Figure 5. 

The first quadrant shows the data demand for each frame of traffic for 100 frames in the 500-600 

range of the 1000 frames. This data reflects our Monte Carlo Simulation based on a Poisson pfd. 

Clockwise, the 2nd quadrant shows the buffer size (queue) for each of the 1000 frame intervals of 

the experiment. Note that the experiment was initiated at 15,000 bits, well above the MaxD 700 

level determined to be the maximum allowed buffer size. The queue is reduced at each stage as the 

maximum rates are used to transmit these bits until the queue is below threshold. Subsequently the 

queue is managed to support the incoming data and operate at reduced Eb/No. Clockwise, the 4th 

quadrant shows the average Eb/No per OFDM tone for each of the 1000 frames of the experiment. 

As can be seen the system operates at the maximum average Eb/No of ~12.5 while the queue is 

above the MaxD, and operates well below that level for most of the subsequent frames. Clockwise, 

the 3rd quadrant shows the number of bits/frame transmitted for the 100 frames in the 500-600 

interval of the 1000 frames of data. 
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Figure 5 Experimental Results for 1000 Frames of AOFDM with Minimum Eb/No 

 

CONCLUSION 

This paper demonstrates a novel scheme to support reduced energy operation over pseudo-

stationary channels as are seen in airborne telemetry. This scheme uses an AOFDM modulation 

scheme with an adaptive controller to reduce the symbol rate per tone and thereby reduce the 

Energy per bit. Experiment results draws on previous work and demonstrates that the average 

energy per bit transmitted can be reduce to near the minimum theoretical bound subject to the 

Eb/No of the channel and the queueing delay of the system. 
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