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Abstract—Achieving same notion of time remains an important 
task for most distributed systems. Time synchronization requires a 
unique combination of high accuracy (µsec level) and energy 
efficiency. Several application layer protocols have been developed 
to meet these requirements. This article propose that the physical 
layer clock recovery process can provide application layer clock drift 
estimate and the application layer clock can be corrected with the 
help of this estimate. This eliminates the need of application layer 
time synchronization protocol i.e. the cross layer approach reduces 
the number of message exchanges required by application layer for 
time synchronization which leads to energy conservation. It argues 
that such a cross layer approach can provide a more accurate 
frequency offset estimation, or alternatively can achieve greater 
energy savings, for a given accuracy, by reducing the message 
exchanges. Analysis of proposed method provides concrete bounds 
on achieved improvement. Experimental evaluation showed that 
physical layer clock drift can be used to correct application layer clock 
drift as they are identical.  

Index Terms—Time synchronization, clock recovery, wireless 
sensor network, cross layer time synchronization, energy efficient 
time synchronization, frequency offset estimation, distributed 
systems 

I. INTRODUCTION 

Distributed systems need a shared notion of causality to 

enable coordination. In cyber physical and sensor networks, 

due to interaction with physical processes governed by time 

dependent laws, the causality notion is strengthened to 

establish a synchronized notion of time which can have 

microsecond precision requirements [18], [19], [20]. Thus, 

systems can now localize intruders, determine projectile 

trajectories and even establish accurate movements [14]. 

Establishing this shared notion of time remains a challenge. 

The notion of time in any computing device is kept by using an 

oscillator that produces a periodic signal at known frequency. 

The signal is then used to increment a hardware counter, with 

time derived as a simple multiplicative factor of the known 

frequency [28]. This approach of keeping time has two 

fundamental limitations. 

First, with systems initialized at different time, the global 

value of time will be different. This absolute difference 

between system clocks is called the phase offset. The second 

limitation arises from the variation in the “known” frequency, 

due to environmental and manufacturing differences, of the 

oscillator and is known as the frequency offset. Thus even 

when different clocks calculate and compensate for the phase 

offset, a different notion of the time increment causes the 

clocks to drift apart over time [14]. 

Researchers have found several ways in which to 

compensate for both these limitations [1], [2], [3], [4], [5], [6], 

[7], [8], [9], [10], [18], [19], [20], [21]. Phase offset is calculated 

with message exchanges, with several novel mechanisms 

taking care of the uncertainties. Frequency offset can be 

eliminated by using stable but expensive oscillator. A more 

traditional, and low cost, approach is to estimate the 

frequency offset using regression techniques on the results of 

several message exchanges. A significant amount of research 

in frequency estimation has gone into making it more accurate 

while using lesser number of message exchanges, thus 

conserving energy. 

Our key insight is the observation that physical layer symbol 

recovery already compensates for frequency offset using 

feedback and feed forward time synchronization system [11], 

[16], [17], [29], [31], [32], [33]. Feedback systems adjust the 

synchronization parameters using the error signal in a 

recursive manner and can operate at symbol rate and higher 

then symbol rate. Error feedback system uses different types 

of interpolations, timing error detectors, loop filters and 

interpolation controllers to achieve physical layer time 

synchronization. The clock recovery process includes in itself 

information to estimate the frequency offset. 

This article argue here that not only can this approach 

estimate the frequency offset accurately, it can use this 

estimate to significantly improve the application layer 

frequency offset calculation. The contribution of this paper 

are, thus, threefold: (i) It present the key idea that physical 

layer clock recovery can be used to estimate frequency offset 

(Section III) (ii) It experimentally evaluate the estimation using 

physical layer signal and compare it with application layer 

mechanism (Section IV) (iii) It provide energy efficiency of the 

model and theoretical bounds that shows the minimum 

possible variance of the timing frequency error (Section V). 

II. RELATED WORK 

Time synchronization is a very important aspect of wireless 

distributed networks. WSN make use of time synchronization 

for sensor data fusion or any coordination in the network. 

Clock precision and accuracy varies with requirements of 

different WSN. Critical metrics of time synchronization in any 
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WSN can be precision, efficiency, lifetime, cost, scope and 

availability. Precision of a clock refers to the maximum error 

that a clock can have in a network with respect to the master 

clock. Efficiency corresponds to the time, energy and 

computations required to perform the synchronization. Energy 

efficiency is a major requirement and one way to concur is to 

have a synchronization protocol with very few computations. 

The simpler the protocol, higher the energy efficiency and 

longer the battery life. Energy efficiency can also be increased 

by decreasing the number of data transmissions required for a 

node to work properly in the network. Time synchronization in 

less number of transmission also decreases the energy 

requirements. Lifetime of the synchronization refers that how 

often time synchronization should be done. Increasing lifetime 

of synchronization improves energy efficiency but effects the 

precision and accuracy of the synchronizing clocks. Cost is 

another major factor, as there is a requirement of very large 

number of devices/sensors in a network. Technology 

advancements are improving cost factor. Scope and availability 

corresponds to the coverage issues. 

Every network, whether it is wired or wireless, needs clock 

synchronization. There are different protocols available for the 

wired and wireless network synchronization at application 

layer. Network Time Protocol (NTP) is most widely used in 

wired networks for time synchronization [18] among different 

protocols. NTP creates a hierarchical tree of time servers. 

Primary server synchronizes with the global clock and 

distributes the time information to the secondary servers and 

then to the clients. Secondary servers are also called backup 

servers, as they act as backup for the primary servers. NTP tries 

to ensure an extremely accurate clock and that’s why primary 

servers usually equipped with atomic clock. Precision Time 

Protocol (PTP) uses a master-slave architecture for the 

distribution of clock among the nodes of wired network. The 

master node provides the time information to the slave nodes. 

Master node is synchronized with grand master node attached 

to time reference such as Global Positioning System (GPS). GPS 

is a satellite navigation system that provides time and location 

information and can be used as a time reference. 

Wired network time synchronization protocols do not offer 

very good results in wireless sensor networks because of the 

different requirements i.e., energy efficiency, infrastructure, 

end to end latency and reliability [19] etc. Using GPS in every 

wireless node to maintain same time in the network is also not 

favorable option, as it makes the inexpensive wireless nodes 

more expensive and energy consuming. GPS communication 

also requires line of sight with the satellite which may not be 

available, depending of deployment environment. Time 

synchronization in wireless networks can be done in three 

different ways. Relative timing seems to be the simplest one, 

as it only relies on the order of the events and do not maintain 

an actual clock, but this can only be used in limited types of 

wireless networks. Another way of synchronizing is that each 

node has the information about its frequency and phase offset 

with other nodes and can synchronize their clock values. This 

approach is mostly deployed by many of the time 

synchronization protocols. Global synchronization, another 

method of synchronization, tries to maintain a global clock 

throughout the network. This synchronization approach is very 

rarely used. 

Many protocols are available for the time synchronization at 

the application layer for any wireless network. Reference 

Broadcast Synchronization (RBS) protocol can be used in 

wireless distributed network for time synchronization that 

pursues to decrease non-deterministic latency using receiver-

to receiver synchronization [20], [19], [27]. Wireless node 

sends reference broadcast beacons to its neighbors using 

physical layer broadcasts and compute the non-determinism 

of packet send time, access time and propagation time, 

depending only on the packet receive time. This reference 

broadcast packet can be used to synchronize a set of receivers 

with one another [20]. RBS maintains a table that contains the 

local clock values of each node in the network. RBS relates the 

local clocks of node with each other using table and let the 

clocks run without correction. 

In [28] the Romer’s protocol uses an innovative time 

transformation algorithm for achieving clock synchronization. 

It uses message delay, which is estimated by the lower bound 

and the upper bound round trip time to compare the utmost 

difference between two communicating nodes and 

consequently synchronize them [20]. Romer’s protocol also 

uses the same principle as RBS to let the clocks run untethered. 

Continuous clock synchronization protocols spread the 

correction of clock over a finite interval. The local clock time is 

corrected by gradually speeding up or slowing down the clock 

rate [19]. It provides the minimal message complexity, fault 

tolerance [14], [15], [19] and avoids unpredictable 

instantaneous corrections of clock values. 

Timing-sync Protocol for Sensor Networks (TPSN) is a 

sender-receiver based synchronization protocol designed for 

WSN. TPSN creates tree of the nodes and synchronize them in 

two phases namely, level discovery phase and synchronization 

phase. In level discovery phase a tree of node is created by 

assigning a level to each node. Level discovery phase also 

defines the master node or root node. In synchronization 

phase all nodes synchronize with its upper level nodes and 

eventually synchronize to root node. 

Flooding Time Synchronization Protocol (FTSP) [21] seems to 

be a most promising application layer protocol used for time 

synchronization. FTSP provides good bandwidth efficiency and 

robust to wireless node failures. FTSP transmits it time stamp 

periodically to all of the nodes in the wireless network and 

these nodes correct their application layer clock by comparing 

the time stamps. Using FTSP, a master node can synchronize 
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every node in its range by using a single radio message time-

stamped at both the master and the receiving nodes. 

Protocols discussed by [20] and [19] are network wide time 

synchronization protocols that can hold large node density. 

Delay Measurement Time Synchronization which is an energy 

efficient protocol but less accurate than the RBS [27] protocol. 

Probabilistic Clock Synchronization extends RBS by providing 

probabilistic bounds on the accuracy of clock synchronization. 

Time-Diffusion Protocol (TDP) based on a diffusion of messages 

involving all the nodes in the synchronization process. All of the 

above protocols [18], [27], [28], [12], [13] can be used for 

application layer clock synchronization in any wireless 

distributed network (e.g. Wireless Sensor Network) [20], [19] 

depending on the environment and requirements because 

each has its own merits and demerits. 

Time synchronization at physical layer does offer a very 

broad literature. It refers to symbol timing recovery [32], [33], 

[31] and extracting the phase and frequency of transmitter’s 

timing clock at the receiver end [32], [33], [31], [30]. Timing 

synchronization can be done using feedforward or feedback 

systems [31]. Feedback systems adjust the synchronization 

parameters using the error signal in a recursive manner and 

can operate at higher then symbol rate as well as symbol rate 

[30]. Error feedback system uses different types of 

interpolations, timing error detectors, loop filters and 

interpolation controllers to achieve different synchronization 

schemes. 

Interpolation required to compute interpolant from given 

number of symbols, which is the output of matched filter, can 

be done in various ways where the polynomial interpolation 

and polyphase filterbank interpolation are common. Special 

cases of polynomial interpolation are linear, quadratic and 

cubic interpolation which can also be computed using farrow 

structure [32], [33], [31]. Linear interpolation requires two 

samples to compute the interpolant whereas quadratic and 

cubic interpolation requires three and four samples 

respectively. Increase in number of samples used for 

interpolation increases accuracy but makes the timing 

recovery system computationally expensive and complex. 

Farrow structure used for interpolation offers less 

computations and hence feasible from implementation point 

of view. 

Reference [32], [33] and [31] describe different types of 

timing error detectors (TED) that can be used to produce error 

signal. Maximum likelihood timing error detector (ML-TED) 

uses the slope of the symbols and apply sign correction to get 

the error signal. Zero crossing timing error detector (ZC-TED) 

only operates at two samples per symbol [32], [33]. Gardner 

timing error detector (G-TED) is non-data-aided version of ZC-

TED. 

Phase lock loops (PLL) tracks the phase and frequency error 

and its parameters can be controlled to adjust the acquisition 

time and tracking performance. PLL is the main component of 

many synchronization systems. PLLs are differentiated on the 

order of the filter used in the design. Proportional plus 

integrator loop filter can be used to track phase and frequency 

error. 

Reference [32], [33], [31] discusses some interpolation 

controls that can be used with the feedback synchronization 

systems. Modulo-1 counter interpolation control is used 

where interpolants are required after every fixed number of 

samples. Interpolation control can also be recursive. 

Cross layer approach presented in this paper saves the 
computation and communication required for the application 
layer timing offset. It computes the physical layer timing 
frequency offset and apply it to application layer which saves 
energy required to transfer time stamps. Next section 
discusses the details of the proposed model. 

 

III. SYSTEM MODEL 

Application layer clocks are usually timers that counts the 

oscillations of crystal and maintains two registers to define 

that how many oscillations of crystal is equal to one application 

layer clock tick [19]. Clock used for symbol timing 

synchronization at physical layer also counts the oscillations of 

the same quartz crystal. Both the clocks at the physical layer 

and application layer are derived from the oscillation of quartz 

crystal, as the devices with one hardware oscillator 

implements every clock within that device as 

𝐶(𝑡) = 𝑘 ∫ 𝜔(𝑡)𝑑𝑡 + 𝐶(𝑡0)
𝑡

𝑡0

                           (1) 

Where t is real-time, ω(t) is angular frequency of oscillator and 

k is the constant of proportionality [28] and this fact is 

exploited to perform the cross layer synchronization. 

Time synchronization at physical layer is discussed in detail by 

[32], [33], [31] and [30]. In [31] many symbol timing 

synchronization systems are discussed with different 

modulation schemes, interpolators, timing error detectors, 

loop filters and interpolation control. One such symbol timing 

synchronization system is shown in Fig. 1. 

 

 

Fig. 1. Symbol timing synchronization system for physical layer 
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This synchronization system, shown in above figure, is for 

binary pulse amplitude modulation (PAM) and based on zero-

crossing timing error detector (ZCTED) using a piecewise 

parabolic interpolator, proportional plus integrator loop filter 

and modulo-1 counter interpolation control. This 

synchronization system is for physical layer clock recovery 

process. It is designed to track and compensate for the phase 

and frequency error of the clock. The output of the matched 

filter x(nT) is fed to piecewise parabolic interpolator for kth 

interpolant which is defined as 

𝑥 ((𝑚(𝑘) + 𝜇(𝑘))𝑇)

= (
𝜇(𝑘)3
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) 𝑥((𝑚(𝑘) − 1)𝑇) 

(2) 

Where m(k) is basepoint index and µ(k) is the fractional 

change and these two values are computed by modulo 1 

counter interpolation control and fed to interpolator. 

The output of the interpolator is processed by ZCTED 

operating at 2 samples/symbol which tries to find the zero 

crossing in the eye diagram [32], [33], [31] and give zero error 

when perfectly aligned. The timing error signal is given by 

 

𝑒(𝑘) = 𝑥 ((𝑘 − 1
2⁄ )𝑇𝑠 + 𝜏̂) [𝑎(𝑘 − 1) − 𝑎(𝑘)]        (3) 

Where a(k) and a(k−1) are symbol decisions for binary PAM 

 

𝑎(𝑘 −  1) =  𝑠𝑔𝑛{𝑥((𝑘 −  1)𝑇𝑠 +  𝜏̂)}              (4)    

𝑎(𝑘) =  𝑠𝑔𝑛{𝑥(𝑘𝑇𝑠 +  𝜏̂)}                                        (5) 
 

The output of the loop filter, with constants K1 and K2, is fed 

to modulo 1 interpolation control to compute the estimate of 

fractional change and basepoint index. K1 and K2 can be 

computed using Kp and K0 (loop gains), Bn ( noise bandwidth), 

Ts (symbol time), T (sample time),𝑁 =
𝑇𝑠

𝑇
  and loop parameter 

ξ [32], [33], [31]. Tracking performance and acquisition time of 

the synchronization system depends on the above parameters 

of loop filter. The loop parameters K1, K2, Kp, K0 and ξ are 

related to noise bandwidth Bn as KpK0K1 =
4ξBn

ξ+
1

4ξ

 and 

KpK0K2 =
4Bn

2

(ξ+
1

4ξ
)

2 .The acquisition time TLOCK  of the PLL 

depends on the time required to track phase TPL  and 

frequency offset TFL  as TLOCK ≈ TFL + TPL . Now TFL  and TPL 

are directly related to the noise bandwidth and that’s why the 

loop parameters will have an impact over the acquisition time 

that is required to track the phase (TPL ≈
1.3

Bn
) and frequency 

offset(TFL ≈ 4
(∆f)2

Bn
3 ). Where ∆f is the frequency offset. 

Modulo-1 counter interpolation control uses the output of 
loop filter ν(n) to find the basepoint index m(k) and 
fractional interval µ(k). The fractional interval is computed 

using the modulo-1 counter η values and the following 

equation. 

𝜂(𝑛 +  1)  =  (𝜂(𝑛)  −  𝑊(𝑛)))𝑚𝑜𝑑1             (6) 

Where𝑊(𝑛) =
1

𝑁
+ 𝜈(𝑛). Whenever the value of η underflows 

then n = m(k) Now to find the fractional interval µ(k) for the 

computed basepoint index m(k) we have 

𝜇(𝑚(𝑘)) =
𝜂(𝑚(𝑘))

𝑊(𝑚(𝑘))
                              (7) 

µ(k) and m(k) is now used to compute the next interpolant. 

Using the above iterative synchronization system, the 

variations of fractional change µ can be used to compute the 

actual frequency offset. Different methods for computation of 

frequency offset are illustrated by [32], [33], [31], [30]. The 

frequency offset is computed here using the slope of the 

fractional change and new sampling rate can be given by the 

equation below to achieve time synchronization at the physical 

layer. 

𝑓𝑠  =  (2 +  𝑚)𝑓𝑑                                 (8) 

Where fs is new sampling rate, fd is symbol rate and m is the 

slope of the fractional change. 

Time synchronization at application layer can simply be 

modeled as transmission of master node time stamp to other 

nodes and correction of phase and frequency when using FTSP. 

FTSP is a very widely used time synchronization protocol at 

application layer because of the benefits offered by it. Master 

node wraps its time stamp in a message and transmit this 

message to all receivers in the distributed network. This 

message instruct the receivers to note their clock values and 

compare it with the time stamp received to perform 

synchronization.  

Fig. 2. Timing synchronization at application layer. 
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Fig. 2 shows time synchronization at application layer using 

FTSP protocol in a network of two receivers. Master node 

broadcasts its time stamp to both receivers. On the reception 

of time stamps, these receivers compare their clock values to 

the received one and hence synchronized. Synchronization 

accuracy can be increased by increasing number of time stamp 

broadcasts. Increasing broadcasts however reduces the energy 

efficiency of the synchronization protocol. 

Single time stamp broadcast can only help for the phase 

correction. Multiple time stamp broadcasts are required to get 

frequency synchronization. Frequency error can be calculated 

by finding the slope of the line created by the time stamps. A 

simple method to find the slope or frequency error fe is 

𝑓𝑒 =
𝑦𝑛 − 𝑦1

𝑥𝑛 − 𝑥1

                                       (9) 

Where yn and y1 are the nth and 1st timestamps of the 

receiver A, x n and x1 are the nth and 1st timestamps of the 

receiver B. Least Square (LS) estimate can give a better 

estimate of frequency error. LS estimate can be applied to the 

timestamps exchanged to get the estimate of straight line. 

Unlike the first method, LS uses all the timestamps to compute 

the slope and hence more accurate. The slope of the line is 

frequency offset at the application layer. Timestamps are used 

as data points in LS estimate and error is minimized between 

data points and the straight line, given by 

𝑒 =  ∑(𝑦𝑖 − 𝑦𝑖̂)
2

𝑁

𝑖=1

                                           (10) 

Where yi are data points and 𝑦𝑖̂ are points of computed straight 

line given by y = mx+c and to find m and c the least square 

estimate of a straight line is 

[
𝑚
𝑐

] = (𝑋𝑇𝑋)−1𝑋𝑇𝑌                          (11) 

Where X and Y corresponds to the timestamps of receiver A 

and receiver B. 

Time synchronization has to be done at physical layer and 

application layer of any distributed wireless networks. 

Whenever the time needs to be synchronized at two different 

nodes, it starts from the synchronization at physical layer and 

then synchronize at the application layer. The model proposed 

in this paper, shown in Fig. 3, enlightens that the heart of both 

layer’s clock is quartz crystal. Once the synchronization at the 

physical layer is achieved, frequency offset of physical layer 

clock can be applied to the application layer clock which saves 

energy required to synchronize at the application layer. 

The nodes using the cross layer time synchronization shown 

in Fig. 3 is assumed to be synchronized in phase or phase 

synchronization can be achieved by using any application layer 

protocol like FTSP once or a simple cross layer packet including 

one timestamp can also provide the time phase 

synchronization. 

 

Fig. 3. Cross-Layer Time synchronization 

 

Fig. 4. Flowcharts of time synchronization at different layers 

To elaborate the cross layer approach, flowcharts are shown 

in Fig. 4. At physical layer, symbol timing recovery is applied, 

frequency offset is estimated and applied to physical layer 

clock. At application layer timestamps are broadcasted, 

frequency offset is estimated and applied to application layer 

clock. In cross layer design, symbol timing recovery is applied, 

frequency offset is estimated and applied to physical layer 

clock as well as application layer clock. 

IV. EXPERIMENTATION 
 

Experimentation setup for the proposed model is done using 

two TMS320C6713 DSP Starter Kits (DSKs) [35]. The 

experimentation consists of two synchronization systems, one 
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at the physical layer and one at the application layer. The 

frequency offset computed at both layers comes out to be 

same which shows that the physical layer frequency offset can 

be used to adjust the application layer clock. Keeping this in 

mind, an experimental setup is created that uses two DSKs 

connected together as shown in Fig. 5. 

 

 

Fig. 5. Experimental setup 
 

DSK A acts as a transmitter and DSK B acts as a receiver. Both 

DSKs needs to be synchronized in time. DSK A uses binary Pulse 

Amplitude Modulation (PAM) with symbols +1 and −1. 

Symbols are generated with a symbol rate of 4000 

symbols/sec. The sampling rate is set to be 16000 

samples/sec. The samples per symbol are computed to be four 

and total samples are 22000. Binary PAM symbols are up-

sampled by four and pulse shaped using a square root raise 

cosine with fifty percent excess bandwidth and transmitted 

over the channel to DSK B. DSK B initialize its processing by 

match filtering the data. Matched filter uses the square root 

raise cosine with fifty percent excess bandwidth. Symbols are 

down sampled to two samples/symbol and fed to the system 

shown in Fig. 1 for time synchronization at the physical layer. 

Time synchronization at DSK B involves piecewise parabolic 

interpolator, zero crossing timing error detector, proportional 

plus integrator loop filter and modulo 1 decrement counter 

interpolation control. The parameters that are needed for the 

loop filter for acquisition and tracking efficiency are 𝐵𝑛𝑇𝑠 =

0.005, 𝜉 =  
1

√2
, 𝐾𝑝 = 2.7, 𝐾0 = −1, 𝑁 = 2 . A graph of the 

fractional interval is obtained and shown in Fig. 6. The slope of 

the fractional interval increases with time showing the positive 

frequency offset. So there exist frequency offset between the 

clocks of DSK A and DSK B. 

The slope of the fractional interval is used to compute the 

frequency offset. LS estimate is used to find the slope of the 

fractional interval. This estimate improves by increasing the 

number of symbols transmitted as shown in the Fig. 7. LS is 

applied to the fractional interval graph using different number 

of transmitted symbols. The result shows that estimate of 

frequency offset improves in accuracy by increasing the 

number of transmitted symbols. The physical layer offset over 

22000 symbols is found to 1.3139 ppm. 

Clock jitter of DSK B is found by taking the histogram of the 

variations in clock and comes out to be Gaussian as shown in 

Fig. 8. These clock variation are also visible in Fig. 6 and hence 

this fractional interval results can be used to visualize the clock 

jitter. 

 

 

Fig. 6. Timing error and fractional interval over 22000 symbols 

 

Fig. 7. Physical Layer frequency offset computed for various number of 
symbols transmitted 

DSK A transmits its time stamps to DSK B. On the reception 

of time stamp message, DSK B also note down its clock value. 

A total of twenty two timestamps are transmitted from DSK A 

to DSK B. These timestamps are used to compute the 

frequency offset at the application layer. Application layer 

frequency offset is estimated using LS estimate on the 

timestamps. Fig. 9 corresponds to the application layer clocks 

of DSK A and DSK B running untethered. 

Clock 1 is the clock of DSK A and clock 2 is the clock of DSK 

B. LS estimate is used to estimate the frequency offset of the 

application layer clocks. The slope of the line shown in Fig. 9 

corresponds to the frequency offset of the application layer 

clocks running on DSK A and DSK B. Fig. 10 shows the 

application layer frequency offset between the clocks of DSK A 

and DSK B computed using different number of timestamps. 
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The frequency offset is computed here using two to twenty 

two number of timestamps and as shown, increasing number 

of time stamp increases the accuracy of the computed 

frequency offset. 

 

 

Fig. 8. Clock jitter 

 
Fig. 9. Application Layer frequency clocks of DSK A and DSK B estimated using 
LS 

The application layer clock offset comes out to be 1.4557 ppm 

for twenty two timestamps which is nearly same as the 

physical layer offset that is 1.3139 ppm. 

Fig. 11 shows a comparison of the physical layer frequency 

offset and application layer frequency offset. The frequency 

offset at the application layer and at physical layers converges 

to nearly same value. If accuracy needs to be improved then 

more number of timestamps are required to converge the 

frequency offset to the physical layer frequency offset. This 

comparison shows that the frequency offset at both the layers 

of nodes is same as expected and the physical layer frequency 

offset can be applied to application layer clocks for the 

correction of clock frequency. This approach saves the amount 

of energy required to distribute timestamps and compute 

frequency offset at the application layer, as physical layer 
frequency offset can be applied at application layer. 

 

Fig. 10. Application Layer frequency offset computed using various number of 
timestamps 

 

Fig. 11. Comparison of Application Layer and Physical Layer frequency 
offset 

V. MATHEMATICAL ANALYSIS 

Cross-layer design helps to make any distributed system 

energy efficient. In this section energy efficiency of the 

proposed cross layer design is analyzed. 

Energy at the application layer is the energy required to 

transmit timestamps. A timestamp transmission corresponds 

to one packet transmission and the energy required to 

transmit one packet is the same amount of energy required to 

transmit one timestamp. Keeping this in mind, energy at the 

application layer can be written as, 

𝐸𝐴𝑃𝑃  =  𝐸𝑃  ×  𝑁𝑃                                  (12) 
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Where EAPP is the energy at application layer, EP is the energy 

required to transmit one packet and NP is the number of 

packets or timestamps required to achieve frequency error 

correction at application layer clock. Equation 12 shows that 

increasing number of packets will increase the energy 

requirements at the application layer whereas the accuracy of 

frequency offset computation increases. Energy required per 

packet can defined in terms of total bits in a packet and total 

bits in a sample as, 

𝐸𝑃 =
𝑁𝑏

𝑁𝑚

× 𝐸𝑆                                     (13) 

Where Nb are the bits in one packet or time stamp, Nm are 

the bits in one sample and ES is the energy required to transmit 

one sample. Nb holds a direct relation to EP which means that 

increasing bits in a packet will increase the energy required per 

packet. Nm holds inverse relation to EP reveals that decrease in 

number of bits per sample will increase energy requirement. 

Using equation 12 and 13, application layer energy can be 

written as, 

𝐸𝐴𝑃𝑃 =
𝑁𝑃𝑁𝑏

𝑁𝑚

× 𝐸𝑆                              (14) 

Above equation shows that application layer energy will 

increase with the increase in energy required to transmit one 

sample, number of packets and number of bits per packet. 

Energy at the physical layer can be defined using energy 

required to transmit one symbol and total number of symbols 

need to be transmitted, 

𝐸𝑃𝐻𝑌 = 𝐸𝑠𝑦𝑚 × 𝑁𝑠𝑦𝑚                              (15) 

Where EPHY is the energy at physical layer, Esym is the energy 

required to transmit one symbol and Nsym are the total 

symbols. Increase in symbol energy or symbols will increase 

the energy requirement at physical layer. Esym can be defined 

as, 

𝐸𝑠𝑦𝑚 =
𝑁𝑏𝑠𝑦𝑚𝑁𝑏

𝑁𝑚

× 𝐸𝑆                           (16) 

Where Nbsym are the number of bits in one symbol. Analyzing 

above equation yields that energy per symbol also have a 

direct relation with sample energy and inverse relation with 

bits in one sample. Whereas increase in bits per symbol 

increases energy required to transmit one symbol. The above 

equation can be utilized to compute the energy required to 

transmit one symbol when bits in one symbol, bits in one 

packet, bits in one sample and energy required to transmit one 

sample are known. Using equation 15 and 16, energy at the 

physical layer can be written as, 

𝐸𝑃𝐻𝑌 =
𝑁𝑠𝑦𝑚𝑁𝑏𝑠𝑦𝑚

𝑁𝑚

× 𝐸𝑆                            (17) 

Above equation shows that physical layer energy will 

increase with the increase in energy required to transmit one 

sample, number of symbols and number of bits per symbol. 

Using this equation, total physical layer energy required to 

transmit the complete packet can be computed. 

Energy efficiency of the proposed cross layer design can be 

defined as a ratio of energies at the application layer and 

physical layer, 

𝐸𝑒𝑓𝑓 =
𝐸𝐴𝑃𝑃

𝐸𝑃𝐻𝑌

                                           (18) 

Where E eff is the cross layer energy efficiency that provides 

the relation of application layer energy to physical layer 

energy. Using equation 14 and 17 in 18 gives, 

𝐸𝑒𝑓𝑓 =

𝑁𝑃𝑁𝑏

𝑁𝑚
× 𝐸𝑆

𝑁𝑠𝑦𝑚𝑁𝑏𝑠𝑦𝑚

𝑁𝑚
× 𝐸𝑆

                            (19) 

or 

𝐸𝑒𝑓𝑓 =
𝑁𝑃𝑁𝑏

𝑁𝑠𝑦𝑚𝑁𝑏𝑠𝑦𝑚

                                 (20) 

Equation 20 shows that energy efficiency will increase if 

number of packets increases. Similarly decreasing number of 

symbols also ensure increase in energy efficiency. This 

equation has the significance importance in computing the 

cross layer energy efficiency. 

Cross layer design ensures usage of one packet to 

synchronize at physical layer as well as application layer. The 

packet must have enough symbols so that the receiver can 

lock the timing frequency offset. This packet also have a time 

stamp of the sender so that receiver can also synchronize in 

timing phase. The number of symbols in this packet can be 

found by exploiting the fact that application layer clock jitter 

and physical layer clock jitter is same because both have same 

hardware clock. The Cramer-Rao Lower Bound (CRLB) is the 

minimum possible variance of the timing frequency error at 

the physical layer which is given by 21 for the PAM systems 

[31]. 

1

𝑇2
𝐶𝑅𝐿𝐵(𝜏) =  

1

8𝜋2 𝜉

1

𝐸𝑆

𝑁0

                       (21) 

Where T is the symbol time, CRLB(τ) is the variance when 

timing frequency error τ is estimated, ξ is the loop parameter 

and ES is the symbol energy. If R is the symbol rate then 

equation 21 can be written as 
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𝐶𝑅𝐿𝐵(𝜏) =  
1

8𝜋2 𝜉𝑅2

1

𝐸𝑆

𝑁0

                       (22) 

To estimate the timing frequency offset at the application 

layer, LS approach can be applied to N time stamps t[n]. It 

gives the minimum LS error which is variance [34] 

𝑣𝑎𝑟(𝑡) = ∑(𝑡[𝑛] − 𝑡̅)2 −
(∑ 𝑛𝑡[𝑛]𝑁−1

𝑛=0 −
𝑁
2

(𝑁 − 1)𝑡̅)
2

𝑁(𝑁2 − 1)
12

𝑁−1

𝑛=0

 

(23) 

 As the cross layer design suggest that variance of clocks at 
both layers is same, hence equating 22 and 23 gives 

1

8𝜋2 𝜉𝑅2

1

𝐸𝑆

𝑁0

= ∑(𝑡[𝑛] − 𝑡̅)2

𝑁−1

𝑛=0

−
(∑ 𝑛𝑡[𝑛]𝑁−1

𝑛=0 −
𝑁
2

(𝑁 − 1)𝑡̅)
2

𝑁(𝑁2 − 1)
12

 

(24) 

The above equation can be written in term of symbol rate 

as 

𝑅 =
1

𝜋 √

𝑁(𝑁2 − 1)

2
3

𝜉
𝐸𝑆
𝑁0

𝐴
                              (25) 

Where, 

 𝐴 =
𝑁(𝑁2−1)

12
∑ (𝑡[𝑛] − 𝑡 ̅)2𝑁−1

𝑛=0 − (∑ 𝑛𝑡[𝑛]𝑁−1
𝑛=0 −

𝑁

2
(𝑁 − 1)𝑡 ̅)

2

 

 

Equation 25 shows that the synchronization accuracy given 

by N timestamps at the application layer can be achieved 

using cross layer design with symbol rate R. The required 

symbol rate decreases by increasing symbol to noise energy 
𝐸𝑆

𝑁0
  and number of time stamps N as shown in Fig. 12. 

 

Fig. 12. Required symbol rate for cross layer approach 

 

Fig. 13. Required symbols for cross layer packet 

Now if total transmission time is TT, then number of symbols 

NSYM in one cross layer packet can be computed as, 

𝑁𝑆𝑌𝑀 = 𝑅 × 𝑇𝑇                                      (26) 

Using equation 25 and 26 we have 

𝑁𝑆𝑌𝑀 =
𝑇𝑇

𝜋 √
𝑁(𝑁2 − 1)

2
3

𝜉
𝐸𝑆
𝑁0

𝐴
                         (27) 

Number of symbols required in cross layer packet decreases 

by increasing the 
𝐸𝑆

𝑁0
 which is shown in Fig. 13. 

Equation 27 gives the number of symbols in one cross layer 

packet that are required for timing frequency synchronization 

which achieves the accuracy of application layer time 

synchronization using N time stamps. Fig. 14 shows the 

relation of number of time stamps at the application layer and 

total symbols required in one cross layer packet. 

 
Fig. 14. Required symbols for cross layer packet with respect to time stamps 
used at application layer 
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Fig. 15 shows the structure of the cross layer packet.  

 

Fig. 15. Cross layer packet 

The total symbols in one cross layer packet that can be used 

for timing frequency synchronization as well as timing phase 

synchronization can be written as 

𝑇𝑆𝑌𝑀 = 𝑁𝑆𝑌𝑀 + 𝑃𝑆𝑌𝑀                         (28) 

where TSYM are total symbols, NSYM are the symbols used for 

timing frequency synchronization and PSYM are the symbols 

used for timing phase synchronization which are equal to the 

number of symbols in one time stamp. Using equation 27 and 

28 we have 

𝑇𝑆𝑌𝑀 =
𝑇𝑇

𝜋 √

𝑁(𝑁2 − 1)

2
3

𝜉
𝐸𝑆
𝑁0

𝐴
+ 𝑃𝑆𝑌𝑀                         (29) 

VI. CONCLUSIONS 

The cross layer time synchronization uses one packet to 

synchronize in time phase and time frequency (drift) and that 

eliminates the need of application layer time synchronization 

protocol and hence it saves energy required for computations 

and transmission of multiple timestamps exchange and proves 

good for the energy constrained environments. The 

experimentation results shows that the heart of both the 

physical layer and application layer clock is hardware oscillator 

(clock). The frequency offset (drift) at application layer and 

physical layer is the same offset that occurs in hardware clock 

as both of the mentioned clocks are derived from the hardware 

clock. That’s why the frequency offset computed at the 

physical layer is computed to be same as the frequency offset 

at the application layer and can be corrected directly using 

physical layer clock frequency offset. There will be no need to 

use any multiple message exchange algorithm on the 

application layer to set the application layer clock frequency 

offsets. This cross layer design can be used in any distributed 

wireless network like Wireless Sensor Network. This approach 

can also estimate offsets in multi user case, such as 

cooperative communication. Nodes don’t have to participate 

in synchronization procedure sequentially for higher layer 

synchronization and instead a cross layer approach can 

estimate all offsets in simultaneous cooperative 

synchronization. 
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NOMENCLATURE 

µ(k) Fractional interval 

ω(t) Angular frequency of oscillator 

τ Timing frequency error 

ξ Loop parameter 

a(k) Binary PAM kth symbol 

e(k) Timing error signal 

EP Energy required to transmit one packet 

ES Energy required to transmit one sample 

EAPP Energy at application layer 

Eeff Energy efficiency 

EPHY Energy at physical layer 

Esym Energy required to transmit one symbol 

fd Symbol rate 

fe Frequency error 

fs Sampling rate 

m Slope of the fractional change 

m(k) Basepoint index 

Nb Bits per packet 

Nm Bits per sample 

NP Number of packets 

Nbsym          bits per symbol 

NSYM            Symbols used for timing frequency synchronization 

Nsym Total symbols 

PSYM             Symbols used for timing phase synchronization 

R Symbol rate 
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T Symbol time 

TT Total transmission time 

TSYM             Number of symbols per cross layer packet 

xi ith timestamp of receiver  

yi ith timestamp of transmitter 
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