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Abstract— In an attempt to utilize spectrum resources more 

efficiently, protocols sharing licensed spectrum with 

unlicensed users are receiving increased attention. From the 

perspective of cellular networks, spectrum underutilization 

makes spatial reuse a feasible complement to existing 

standards. Interference management is a major component 

in designing these schemes as it is critical that licensed users 

maintain their expected quality of service. A distributed 

dynamic spectrum protocol is proposed here in which ad-

hoc device-to-device users opportunistically access the 

spectrum actively in use by cellular users. First, channel 

gain estimates are used to set feasible transmit powers for 

device-to-device users that keeps the interference they cause 

within the allowed interference temperature. Then network 

information is distributed by route discovery packets in a 

random access manner to help establish either a single-hop 

or multi-hop route between two device-to-device users. The 

network information in the discovery packet can decrease 

the failure rate of the route discovery and reduce the number 

of necessary transmissions to find a route. Using the found 

route, it can be shown that two device-to-device users can 

communicate with a low probability of outage while only 

minimally affecting the cellular network, and can achieve 

significant power savings when communicating directly 

with each other instead of utilizing the cellular base station. 

Key words: Spectrum,Device Communication,Network 

Topology. 

I. INTRODUCTION 

Use of radio frequency bands of the electromagnetic 

spectrum is regulated by governments in most countries, in a 

spectrum management process known as frequency 

allocation or spectrum allocation. Radio propagation does 

not stop at national boundaries. Giving technical and 

economic reasons, governments have sought to harmonize 

the allocation of RF bands and their standardization. 

A number of forums and standards bodies work on standard 

for frequency allocation, including: 

 international telecommunication Union (ITU) 

 European Conference of Postal and 

telecommunication Administration (CEPT) 

 European telecommunications Standards Institute 

(ETSI) 

 International special Committee on Radio 

Interference (CISPR) 

Spectrum sharing encompasses several techniques some 

administrative, technical and market based. Spectrum can be 

shared in several dimensions; time, space and geography. 

Demand for spectrum is increasing and frequency bands 

(below 1GHZ) are becoming more congested especially in 

densely populated urban centers. The number of wireless 

users is increasing at a rate faster than service providers can 

obtain new spectrum, providers need to employ new 

technique in order to maximize their efficiency. New 

technologies like IMT Advanced and 3GPP Long Term 

evolution (LTE) will help to satisfy the increasing demand 

but still more needs to be done. Dynamic Spectrum access 

techniques are becoming increasingly popular as another 

method to meet the high demand for service. 

II. DEVICE-TO-DEVICE COMMUNICATION 

A dynamic spectrum access protocol in which Device-to-

Device users can communicate directly with each other 

using the same frequency resources as a simultaneously 

active uplink between a macro user and the base station is 

proposed. This protocol is opportunistic as a link between 

two D2D users can only be utilized if their use of the 

spectrum stays within the interference temperature of the 

network and does not cause the SINR of the cellular link to 

decrease by more than the allowed margin. To best 

accomplish this, only D2D users to communicate with each 

other during the uplink frame of the network is allowed. 

During the uplink transmission phase, only the stationary 

base station will receive interference from the D2Ds. Macro 

users will not receive any interference from the D2Ds as 

they will be uplinking to the base station. If D2D users 

communicated during the downlink, interference would be 

seen at every macro user in the system. It is impractical to 

assume that the macro user locations and channel conditions 

are known by each D2D user making it extremely difficult 

for D2D users to control the interference they cause. The 

same practical reasons prevent D2Ds from accurately 

controlling their power to adjust for interference from active 

macro users. Thus, macro user interference will not affect 

the power control but will be considered in D2D link quality 

when the SINR thresholds are evaluated.  There are two 

main steps in our protocol. First is the power control for 

D2D users. Because D2D’s use of the macro user’s 

bandwidth is constrained by how much interference they 

cause, the power control will be the main determining factor 

in the protocol’s performance. Once an allowed transmit 

power has been calculated, the second step will be for a 

D2D user to discover either a single-hop or multi-hop route 

to their intended destination. 

A. Power Control For Device-To-Device Users 

A minimum SINR of    is required for a macro   user link 

to exist with the base station and that there can be at   most a 

κ change in the base station’s SINR due to interference   

from a transmitting D2D user. If D2D users control their   

interference perfectly, a macro user with perfect power 

control   will achieve the required SINR of   . This result is 

obtained   by the macro user scaling its own transmit power 

by κ. Thus   in the absence of the D2D interference, a macro 

user link will   achieve an SNR, or SINR with zero 
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interference, of κ  . After rearranging terms,   gives a 

bound on the transmit power of macro users as  

 
Where    

   and     are the pathloss and channel gain 

between a macro user and the base station. Assuming 

prefect knowledge of the channel gain, the bound in (2) 

gives a transmit power for macro users such that the 

probability of outage will be zero. Assume that macro users 

are power controlled by the base station with an error free 

estimate of the channel gain. In practice, the estimate may 

contain some error causing the macro user to go into outage. 

However, that outage will be independent of the D2D’s use 

of the channel. 

Now evaluate the SINR of a macro user link that is 

interfered by a single random D2D user. Without loss of 

generality, we refer to that D2D as the source S. If     is 

taken to be the minimum allowed in (2), after rearranging 

terms, we get a bound on the transmit power of a D2D user 

as    

 
where    

   and      are the pathloss and channel 

gain between the source and the base station. Assuming a 

D2D has perfect knowledge of κ and     , the bound in (3) 

gives a transmit power that a D2D can use and not cause a 

macro user to go into outage. Assumption is that there is no 

coordination between D2Ds and the base station so      will 

be unknown and must be estimated. We use a statistical 

estimate and assume      is estimated by the mean of the 

fading, and define     
̂   E[    ]. Using that estimate, a 

D2D can calculate a usable maximum transmit power 

as    
       (   )   

   (    )̂
  . The accuracy of     

̂  in 

estimating      will determine. How much interference the 

base station receives from a transmitting D2D user. When 

    
̂ <     , the calculated maximum    

    
will exceed the 

true maximum    
    and the macro user will go into outage. 

Conversely, when,     
̂ >         

    
 will be lower than the 

true maximum. This in turn means that a D2D could 

potentially use     
          

     additional transmit power 

and still not cause a macro user to go into outage. This can 

be exploited to allow for additional scaling of the D2D link 

power to improve D2D link quality at no cost to the macro 

user link quality. Thus far,    
    has been controlled to 

minimize the interference they cause to the base station. 

Ideally, the power control for a D2D user should also 

consider the link used to reach the intended destination D, 

specifically the fading    . We know that for the source 

transmitting with power    
    

,a correctly received packet 

at the destination will have power           
        

       The 

additional power control mentioned just above could be 

realized in the form of an estimate of the fading, denoted as 

     
̂ .  

Using that estimate, channel inversion can be used 

in the power control of the D2D link. The calculated 

maximum power of    
    

 can be scaled to set a new usable 

transmit power for D2D users as      
      

    (    )̂
   

Numerous works in current literature show that 

channel estimation is feasible but the distributed nature of 

the D2D communication may prohibit any additional 

overhead for channel estimation. As such, we use a constant 

estimate and assume     
̂   E[    ]. This is a practical 

choice for the estimate and is equivalent to just power 

controlling over the pathloss and ignoring the fast fading 

effects. For analysis purposes, we will consider two other 

cases of     
̂  that are impractical for a real protocol but are 

important in order to bound the performance of the system. 

It can be easily shown that    
        

     is achieved with 

(    )̂      Thus setting (    )̂      (     )  will  result 

in a    
    

 that does cause macro user outage due to the 

additional power control added for the D2D link. We note 

that this choice of estimate is equivalent to truncated 

channel inversion with a truncation threshold of 1. It was 

shown above that in some cases    
    

 will be less than 

   
    and additional power could be used. In this scenario, it 

is not necessary for    
        

      and in fact some      
̂ < 

1 could be used. No exact threshold can be solved for when 

    
̂ . < 1 is feasible as it will depend on a particular 

realization of     and    
   . Based on this, we consider 

perfect channel inversion,     
̂  =      , which analyzes the 

system as if there were no interference constraints or limits 

on transmit power levels. After the power control has been 

completed, the source is able to set its transmit power to 

 
The power in (4) assumes a single-hop link 

between the D2D source and destination. When a multi-hop 

route is formed, the same power is used by changing the 

subscripts S = i and D = j to denote a link between the i’th 

and j’th D2D users. Using the mean of the fading as the two 

estimates gives a practical method for D2Ds to set their own 

transmit power with minimal overhead.  

B. Distributed Route Discovery for Two-way Device-to- 

Device Communication 

Here, Dynamic Source Routing (DSR) Protocol is used to 

discover D2D links in our network. DSR is a source initiated 

packet based discovery protocol. The DSR protocol floods 

the network with discovery packets and in doing so, 

exchanges the address of relay nodes in the network so the 

destination will have a virtual map of how to reach the 

source. DSR, as well as other   flooding techniques, are 

beneficial in the sense that there is diversity in the discovery 

message by traversing more than one link. The same results 

show that by flooding route information   through the 

network, both nodes in the route and near to the route, learn 

of the route’s existence. If node mobility or adverse channel 

conditions cause the route to break, nearby   nodes can 

easily help repair the route. However, flooding can have 

negative effects especially in terms of overhead and 

interference. The flooding rules in DSR help to keep the 
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routing overhead small. Specifically, discovery packets are 

only allowed to traverse small areas of the network and will 

never traverse the same link twice, preventing loop 

problems. Furthermore, D2Ds employ   CSMA/CA to 

ensure that only one D2D accesses the channel at a given 

time. By enforcing these rules, the number of discovery 

transmissions decreases therefore reducing both the 

overhead and the interference effects of DSR. To begin, the 

D2D source broadcasts a packet intended for the destination 

and includes in the packet its transmission power    
  as 

calculated from (4), and its own measured interference 

power,   . Without loss of generality, assume the packet is 

received by the j’th D2D, denoted as node j. To see the 

effects of including those two powers in the discovery 

packet, 

 
where    and    

 are the measured SINR and received 

power at node j.    represents the measured sum interference 

power which accounts for both in-cell and out-of-cell 

interferers at   node j. Using (5) and the fact that     
 

    
    

     
 

 
which solves for the combined pathloss and channel gain. 

Node j knows    
  from the discovery packet, and        and 

   are measured values, so node j can calculate the 

combined pathloss and channel gain. In a similar fashion, 

the required SINR constraint of    for node j, with transmit 

power    

    to communicate back to the source, can be 

rewritten to show 

 
which gives the minimum transmit power that node j must 

use to communicate with the source. Symmetric channels 

such that    
     

      
    

 and  the discovery packet 

contains the interference power seen by the source,   thus 

node j can calculate  

   

   . If     

       

     is satisfied, node j knows that its 

packet will be received by the source even before it is 

transmitted. In certain topologies and channel conditions, 

there will be no value for    

   in which a two-way   D2D 

link can be sustained and the link would be considered in 

outage. If node j is the D2D destination, then a single-hop 

route exists with the D2D source. If a single-hop route does 

not   exist, then node j can continue the discovery process 

and serve   as a relay. However, it will only continue the 

discovery if it knows that a two-way link exists with the 

D2D source. It rebroadcasts the discovery packet adding its 

own transmission power and interference power. Any node 

receiving it can repeat the steps in (5), (6), and (7) to 

determine if a two-way   link exists. Once the D2D 

destination receives the packet, it will have a list of relay 

nodes that form a multi-hop route with   the D2D source. 

Refer to Fig.1.1 as reference. Assume that the source S 

wants to communicate with the destination    by using the 

same channel as the active macro user MU. The source 

transmits a discovery packet   intended for     at a power 

level of    
 .      is sufficiently far away from the interfering 

macro user to receive the packet and uses the values of    
  

and    cont ained in the packet   to determine that a 

two-way single-hop link exists with S.   Now assume that S 

wants to communicate with D2. Each relay    would 

forward the discovery packet intended for  D2 after adding 

their own transmit and interference power to the packet. A 

two-way route between R1 and R3 could not be used due to 

strong interference from the macro user. Using the powers 

in the discovery packet from R1, R3 would be able to 

determine that a two-way link does not exist with R1 and 

would not forward the discovery packet. This reduces the 

number of transmissions necessary for discovery and 

increases the chances of discovery packets along two way 

routes reaching the destination. A two-way route could be 

established using R2 instead. In both the single-hop and 

multi-hop routes discussed above, the destinations need to 

be able to reply back to the source with the correct routing. 

By doing so, the source knows a route exists to its intended 

destination and its message should be successfully 

delivered. By including the transmission and interference 

powers in the discovery packet, D2D users get   important 

network information about links with their neighbors. The 

network information will improve the likelihood that a two-

way route is discovered and lower the number of   

transmissions necessary to do so.    

III. OUTAGE ANALYSIS OF DEVICE-TO-DEVICE 

COMMUNICATION 

The probability of outage for a link between two randomly 

placed D2D users is derived here. This approach is 

geometric in nature and is motivated by the various random 

distances in the model considered. The D2D outage 

probability using both the distance and fading channel 

probability distributions is derived which allows us to 

consider all D2D locations in the macrocell and all possible 

channel conditions between users. 

In single hop, a single macrocell system is 

considered where the interference from surrounding cells is 

ignored. Incorporating the additional random distances from 

neighbouring  macrocells in the analysis makes a solution 

intractable.  

A. Single-hop Probability of Outage Derivation 

 
Fig. 2:   Network topology realization presenting the various 

random distances in the model 
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The outage probability of a single-hop link between 

two randomly placed D2Ds, a probability is defined as    
    

.  As a first step, the outage probability on all channels in 

terms of the outage probability for a single channel is 

derived. The available bandwidth is divided into NC 

orthogonal channels and D2Ds are able to access any of 

them. The orthogonality of those channels results in a link’s 

outage on channel    being independent of and identically 

distributed to a link’s outage on channel     for      . 

 Thus 

 
which gives the probability of outage for a single-

hop D2D link on NC orthogonal channels. Assuming a 

given channel   , the second step is to derive the probability 

of outage       
   . The geometry of the model is used to 

define the outage in terms of the random distance between 

the source and destination. Consider a single D2D source-

destination pair separated by a distance    . We know for a 

D2D link to exist, the SINR at the destination must be above 

the required threshold   . The SINR equation for the D2D 

link and set the macro user and D2D user transmit powers as 

   
     

    and    
     

  

 

 
which gives an upper bound on the allowed distance 

between the D2D source and destination as a function of the 

network parameters in the model. The distance      is the 

maximum transmission distance of the source and defines a 

region around the source, shown by the shaded area in Fig in 

which the destination must be located in order to satisfy the 

required SINR   
   Thus, the probability of a link satisfying 

the SINR requirement and not being in outage          
        is the ratio of all the feasible locations of the 

destination that result in a successful link, which is the 

coverage region of the source, to all possible destination 

locations, the area of the entire cluster. The intersection area 

of two circles and after some algebraic manipulations the 

intersection area AINT can be defined as 

 
which gives the area of the source’s coverage 

region that intersects with the cluster. The formula for the 

area involves taking the real component of a complex 

answer is noted. The notion of a complex area may seem 

strange, however the formula was derived under the 

assumption that the two circle’s edges intersect each other. 

In the scenario where one circle is completely contained 

within the other, we know that there is a complete overlap of 

the areas. The trigonometric functions in the formula give a 

complex result where the real part of the complex area is 

exactly the area of the smaller circle contained within the 

boundary of the larger. From these discussions, the 

probability of a D2D link existing between two randomly 

placed D2Ds in the cluster on a given channel    is derived. 

The probability of outage      
    is a function of nine random 

variables. Thus to derive the final outage expression, nine 

probability distributions need to be averaged over. The final 

outage expression is given in terms of              ] and 

AINT from above and then decompose the expression into 

smaller parts. As shown above,             ] gives the 

complement of the outage probability and is is expressed in 

terms of the ratio of AINT to the area of the cluster    . 

Averaging over all the channel gains and distances found in 

(2) and (3) gives (4) which is the D2D link outage 

probability as a function of the random network parameters. 

By definition, the Rayleigh fading terms are independent of 

the distances. This allows us  

 
which decomposes the six variable probability distribution 

function in to a product of two smaller distribution 

functions. Furthermore, each of the channel gains are 

characterized by independent and identical exponential 

distributions and when combined given 

 
and each has mean  [   ]    

The joint probability distribution 

 (               ) is decomposed into a product of 

functions to show the various interdependencies the 

distances have on each other. The distance between the 

center of the randomly located cluster of radius r and the 

base station is denoted as    . To satisfy the requirement 

that the cluster and all the D2Ds within the cluster are 

located inside the macrocell of radius R, we use a shifted 

uniform distribution, expressed a 

 
And statistically characterize    . Let the distance 

from the D2D source to the center of the cluster  be    , and 

is characterized by the standard uniform distribution 

 
The location of the cluster and D2D source 

constrain the domain of feasible values for the distance 

between the source and the base station, denoted as    . We 

can express this conditional dependence on     and     

with the distribution 
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The three distances that relate the macro user to the D2D 

cluster is characterized. Macro users are uniformly 

distributed inside the cell and the distance from a macro user 

to the base station     , follows the standard uniform 

distribution.        (   )  
    

      for              

The macro user and the center of the cluster are 

separated by a distance     and are both uniformly 

distributed within the same circle of radius R. A well known 

geometry result gives the probability distribution 

 

and                ⌊
   

        

     
⌋ for the distance 

between two uniformly random points in the same circle. 

The location of the macro user with respect to the cluster 

limits the domain of feasible values for the distance between 

the macro user and the D2D destination, denoted as    . 

We can express this conditional dependence on     with 

the distribution 

 
Using the probability distributions given above, the below 

equation is written 

 
follows from Bayes’ theorem. Thus using the above 

equations, the joint probability distribution for the distances 

related to the outage probability      

    can be written as a 

product of six closed form probability distributions. 

B. Multi-hop Simulation Results 

The performance of the network can be further quantified by 

looking at the power savings when D2D communication is 

used instead of communicating using the standard cellular 

mode. To quantify this, we consider the cellular mode power 

to be the sum of the powers for the D2D source to reach the 

base station,      , and for the base station to reach the 

D2Ddestination,     .  We calculate the D2D mode power 

for a        route of length  the sum of the D2D’s transmit 

power used in the route where the  nth D2D transmits with 

power used in the route where the  nth D2D transmits with 

power P
*

DTN       

Using these powers, we calculate the power savings as 

 

 

We note that ND =0 corresponds to a single-hop route 

between the source and destination. All values of α achieve 

significant savings but for C α≥3 in particular, savings of 

almost 90% can be achieved for moderate ND. These power 

savings come from the fact that D2Ds can communicate 

over shorter distances more efficiently than longer links 

with the base station. When α is larger, D2Ds become more 

isolated from the base station making shorter distance hops 

more efficient. We mentioned above that not all of the ND 

relays in the cluster participate in the multi-hop route. 

We now describe the types of routes that are being 

formed between the D2D source and destination. We do this 

by looking at the average number of hops,      , per found 

route versus the number of D2D relays. We see that even as 

ND increases to large values and for α≥3, the route length 

quickly saturates to a low number of hops and tends to be 

hops or less. In the high interference scenario for α=2, routes 

will quite often span higher number of hops in order to 

establish a route. This result shows us that the distances the 

source and destination are trying to span are not 

significantly larger than the single-hop distance and usually 

one to two relays can suffice in establishing a two-way D2D 

route. As a further note, we can comment on the actual 

physical distance that each multi-hop route is able to span. 

Recall that we are considering a D2D cluster of radius 500m 

which corresponds to a maximum separation of 1000m 

between the D2D source and destination. With the average 

number of hops being near two, each hop is capable of 

spanning up to a few hundred meters. 

IV. RESULTS 

A. Matlab Single Hop results 

 
Fig. 3:  

    of a single D2D link  with constant channels 

 
Fig. 4:  

    for different number of channels 
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Fig. 5:  

    for a macro user link  with constant channels 

 
Fig. 6:   

    of Nc macro users 

B. Multi  Hop Results in NS2 

 
Fig. 7: Comparison of existing and proposed method 

Throughput graph 

 
Fig. 8: Comparison of existing and proposed method- packet 

delivery ratio graph 

 
Fig 9: Comparison of existing and proposed method- Bit 

error rate graph 

V. CONCLUSION 

In this paper we have presented an opportunistic 

communication scheme in which an ad-hoc Device-to-

Device network can simultaneously communicate on the 

same set of frequency resources as a fully loaded cellular 

radio network. We develop a practical protocol for D2Ds to 

use this scheme. In a distributed manner and with no 

coordination from the base station. The D2D users first step 

is to control their powers to  level which causes minimal 

interference to the base station. Then using the calculated 

power, the second step is to employ discovery protocol to 

establish a route connecting them to their destination. 

Results show that including network information in the 

discovery packet significantly lowers the route discovery’s 

failure probability and reduces the number of transmissions 

necessary to discover a route to the destination. Given that  

route is found, the probability of outage for a D2D link s 

derived and lower bounded using perfect channel inversion 

n the power control. Using a practical statistical estimate in 

he power control, our protocol shows performance near to 

the lower bound. The spectrum is fully utilized by the macro 

user network so there is a clear tradeoff in the performance 

of the two classes of users. However, large improvements in 

the D2D performance come at a cost of only a small loss in 

macro user performance. Furthermore, simulation results 

show that significant power savings can be gained using 

D2D routes rather than connecting to the cellular base 

station. To further improve the work, more coordination 

between the base station and D2D users could be 

considered. Currently here is no specific signaling between 

them which enables the D2D users to be transparent to the 

cellular network, but makes it difficult for multiple D2D 

clusters to communicate simultaneously and not overwhelm 

the base station with too much interference. An additional 

extension would be to consider a more dynamic channel 

estimation for the power control. Training sequences could 

be included in discovery packets allowing D2D users to 

have more accuracy in their power control to guarantee 

minimal interference to the base station. We would expect to 

see even more gains than those presented here if these 

extensions are considered. 
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