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ABSTRACT OF THE THESIS

Fading Correlation of Co-located Transmitters

by Prashant Jadhav

Thesis Director: Prof. Yanyong Zhang

Fading or attenuation of a signal due to environment is a phenomenon often en-

countered in wireless communications. It is expected that co-located transmitters i.e.

transmitters placed very close to each other show a high signal fading correlation due

to the presence of similar fading environment.

In this thesis, we present an experimental study of this phenomenon. Correlation

of received signal strengths obtained from co-located transmitters in dynamically vary-

ing environments indicate that the large scale signal variations (shadow fading) are

highly correlated while the small scale variations (multipath or fast fading) show a low

correlation. Highly correlated large scale variations suggest a presence of same large

shadowing elements in the transmit-receive path while a low correlation among the

multipath variations is due to mutual coupling between the antennas at very close dis-

tances. This has two implications: it suggests that shadow fading variations can serve

as an indicator of the co-location of closely spaced transmitters while the multipath

variations cannot. However, low multipath signal correlations suggest that antenna

diversity could be investigated for implementation in mobile handsets.
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Chapter 1

Introduction

Fading is a location dependent phenomenon. Closely spaced transmitters experience

similar fading by virtue of being in close vicinity to each other. Therefore, it should

be possible to locate two closely spaced radio units in space. To verify this hypoth-

esis, we investigate the fading correlation of closely spaced transmitters and present

experimental results to confirm the hypothesis in this thesis.

Previous studies have investigated fading correlation to test the use of multiple an-

tennas to improve wireless communication. Antenna diversity is one such major

technique that has been extensively researched and implemented in the past decade as

it promised an increase in the capacity, range and reliability of wireless communica-

tion. The technique uses multiple antenna elements to receive the same information.

A difference in the nature of fading experienced by the signal traveling between the

transmitter-receiver pair leads to distinct spatial channels which could be exploited to

communicate more reliably. However, the independence of these spatial channels dimin-

ishes as the spacing between the antenna elements decreases to less than a wavelength.

Therefore, antenna diversity has been successful for cellular basestations which have

very few space constraints, however, not so much in portable terminals due to their

small size. The progress in the field of electronics has resulted in a decrease in the size

of the mobile devices. This has made the multi-element antenna system less practical

for portable devices as the independence between the signals received at the antenna

elements decreases, thus, making the underlying radio communication more difficult to

implement as well as expensive in terms of the processing power required.

Localization or the determination of one’s location is another important applica-

tion that has been around to track objects. In indoor environments, where it is not
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possible to monitor objects using a Global Positioning System (GPS), due to the inabil-

ity of the GPS signal to penetrate buildings, the existing wireless infrastructure such as

Wireless Local Area Networks (WLANs) have provided the location information from

the signal strengths at multiple access points. The feasibility of this idea has led to the

evolution of many algorithms for indoor localization using WLANs and more recently,

sensor networks. In fact, in the recent past, algorithms have exploited the proximity of

wireless devices to assist the present localization algorithms.

1.1 Overview:

In this paper, our goal is to investigate the effect of correlation of signals transmitted

from multiple antennas, which we will refer to in general as fading correlation in the

rest of the thesis, as a problem common to both antenna diversity and localization.

Figure 1.1: Signal Fading

The wireless communication literature classifies signal strength variations into small

scale variations (fast or multipath fading) and large scale variations (slow or shadow fad-

ing) where the scale refers to the wavelength of the transmitted signal. Fast variations

are a result of multiple paths taken by the transmitted signal due to reflections from

various obstacles in the environment which interfere constructively or destructively at

the receiver. These are also referred to as multipath variations. Slow signal variations

refer to the variations in the signal strength introduced by large obstacles which shadow

or block the signal traveling towards the receiver. The figure below clearly distinguishes
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between the large and small scale variations and presents the scale over which each is

observed.

Figure 1.2: Signal Fading [1]

The idea in this paper is to segregate the multipath and shadow fading fluctuations

experienced by a signal and determine their correlations. The approach also allows

us to characterize two separate spatial channels without having to transmit two sep-

arate continuous signals which in itself makes the task difficult. The study serves a

dual purpose of emphasizing the known fact that signal correlations at closely spaced

antennas are lower than expected due to the presence of mutual coupling between

them and presenting a new approach to deal with fading correlations. Mutual cou-

pling refers to the interactions between closely spaced antennas due to the presence of

electromagnetic fields. An electromagnetic wave radiated from one antenna induces a

current in an antenna placed within a wavelength’s distance, also called it’s near field,

due to the presence of the electromagnetic field interactions. Every antenna has a input

impedance which dictates the amount of power radiated in the environment relative to

the input power. The induced current in the neighboring antenna modifies it’s input

impedance and the antenna radiation characteristics, thus, affecting the correlations
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of signals transmitted from them. One of the factors affecting mutual coupling is dis-

tance between antenna elements and the antennas decouple with increasing distance

between them. Therefore, an interesting study was conducted to detune the antenna

elements or to deliberately mismatch the antenna input impedance which results in less

power radiated in the environment by the antenna but also reduces the coupling be-

tween the antennas. This can prove useful for the current antenna diversity techniques.

The received signal correlations could be used to place the receivers strategically far

apart so as to eliminate the redundancy of information obtained from them during data

acquisition.

1.2 Thesis organization

The thesis is organized as follows. In Chapter 2, we discuss similar studies that have

investigated the signal correlations for closely spaced antennas and briefly explain their

approach. Chapter 3 presents the infrastructure and the approach used for our experi-

ments. Chapter 4 summarizes the results obtained along with their significance.

Finally, we conclude the thesis with a summary of the insights gained from the study

and also discuss the implications of the results. It also suggests the future work that

could help in gaining better understanding of the fading phenomenon.
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Chapter 2

Related work:

Miniaturization of mobile devices has evoked interest in closely spaced transmitters in

the past two decades. Also, the emergence of sensor networks has inspired investigations

into algorithms that emphasize the co-operation of wireless devices. Therefore, the effect

of mutual coupling between antennas at very close distances has also been extensively

studied.

Vaughan et al. [3] represents one of the earlier studies that distinguish spatial

autocorrelation function from cross-correlation function and also provides preliminary

experimental evidence which suggests that the antenna correlations for closely spaced

transmitters are lower than expected in theory due to the presence of mutual coupling

between the antenna elements at very close distances.

Many later studies have investigated this phenomenon but [4] is noteworthy. [4]

presents a detailed investigation of the spatial, polarization and pattern diversity gains

in closely spaced transmitters in both obstructed and unobstructed outdoor and indoor

environments at 2 G Hz. The study treats the envelope correlations in spatial diversity

schemes as a function of the spacing between the antennas and highlights the difference

between the theoretical and experimental results in varied environments. It also com-

ments on the suitability of spatial diversity schemes to mobile handsets by supporting

it with appropriate diversity gain values. The spacing between the transmitters varies

between 0.1� to 0.5�.

Spatial signal correlations have been studied in an indoor environment for a nar-

rowband Multi-Input Multi-Output (MIMO) system by [5]. The authors have made

explicit measurements to study the large scale and small scale fading characteristics of

the channel. However, the smallest distance between two transmitters with the same
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polarization is a � according to the goal of the experiment. It also explores the corre-

lations of multiple antennas at the transmitter and receiver.

An empirical investigation of the relation between antenna spacing and receiver cor-

relations has been conducted in very controlled environments by [6]. The experiments

are carried out at 2.4 G Hz and the smallest distance between the receiver antennas is

0.08�. The study also presents the discrepancy between the experimental and simula-

tion results for a fading environment.

Chandrasekaran et al. [7] discuss an innovative way to localize closely spaced devices

by correlating their received Signal Strength Indicator (RSSI) traces. It correlates

the shadow fading fluctuations experienced by signals from two transmitters placed

few meters apart to determine their co-movement. We build on this approach and

investigate the multipath correlations between transmitters placed within one-half of a

� to find out if they could be of any assistance to localize transmitters in proximity.

We know of no other previous work which explicitly discusses the separation of the

shadow fading and multipath fading fluctuations experienced by a signal due to environ-

ment. [4] acknowledges the need to demean or eliminate the local mean to prevent the

effect of shadow fading variations on multipath signal correlations, however, the results

are reported without demeaning as required by the nature of their experiment. We

investigate slow fading and multipath fading correlations and also the effect of antenna

detuning on correlation which is another salient feature of this paper.
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Chapter 3

System Description

3.1 Hardware:

The infrastructure used for our experiments comprised of very small radio units equipped

with CC1100 transceiver chip from Texas Instruments. These are similar to the Berkley

motes but they are smaller in size and powered by a 3V CR2032 coin cell battery.

Figure 3.1: Small Radio Units

The advantage of small transmitters is that the antennas could essentially touch

each other which allowed us to investigate the fading correlations. The transmitter

and receiver have almost identical hardware except for a USB which is mounted on the

receiver that allows it to be hooked to a computer. This enables connecting more than

one receiver to a single computer. The CC1100 chip is completely programmable with
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the flexibility to program the carrier frequency, the transmission rate, the modulation

technique, transmit power etc. Every incoming packet is associated with a transmitter

ID, a sequence number, a receiver ID indicating the receiver at which the corresponding

packet is received, the received signal strength indicator (RSSI), the CRC check status.

The sequence numbers roll from 0 to 65535. The packets are time stamped with com-

puter time and receiver time which indicate the time at which the packet is received at

respective places. For our experiments, the transmitters operate at 911 MHz and have

a transmission rate of 250 kbps. The output power is programmed to be 0 dBm and

16 bit CRC check is enabled. The transceiver modulates data using Minimum Shift

Keying (MSK) modulation technique.

3.2 Parameters:

3.2.1 RSSI:

In order to pursue our goal of determining the fading correlation, we had to ensure

that the parameters used for taking measurements agree with the underlying concept.

To find the correlation, researchers acquire and correlate the analog signal obtained

at a network analyzer. However, as our underlying system made it difficult for us to

work with analog signals, the Received Signal Strength Indicator (RSSI) provided by

the CC1100 chip served as a good replacement. RSSI showed a very stable response

to the channel noise with the unpredictability increasing only beyond RSSI as low as

-90 dBm. In fact, a consistently low packet loss rate at RSSI values above -90 dBm as

shown in Fig. 3.2 corroborates the fact that the receiver response to channel noise is

stable.

The RSSI value is an estimate of the signal power level expressed in dBm. A very

relevant study was conducted in [8] for a CC2400 transceiver to appreciate the use of

RSSI as against the link quality indicator (LQI), another parameter provided by the

transceiver, for channel estimation. Moreover, the packet duration is 400 �seconds

(read, very small), therefore, the fact that RSSI is a logarithm of the average of the

received signal power over the preamble of this packet which is 128 �seconds in duration
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Figure 3.2: RSSI stability [2]

does not invalidate the correlation values because all the experiments were carried out

at very slow speed of motion of the transmitter ( 0.5 m/s). At this speed, the movement

of the transmitter in 128 �seconds is virtually zero which means that the transmitter

can be assumed to have transmitted when stationary in space.

Another noteworthy factor was the packet loss suffered by the system. The transmit

only protocol made sure that packet transmissions were only in one direction i.e. from

the transmitter to the receiver which resulted in a decrease in the packet loss. Also, to

reduce any effect of noise in the obtained RSSI values and to eliminate any artifacts

from the internal calibration of the transceiver chip, receivers were calibrated before

use as explained in the following section.

3.2.2 Calibration:

The goal of the calibration experiment was to verify if the RSSI values obtained from the

CC1100 transceiver represent the true channel variations. The transmitter and receiver
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Figure 3.3: Calibration Apparatus

were connected with coaxial cables via an attenuator as shown in Figure 3.3. Both

transmitter and receiver were wrapped with RF absorbing material to prevent the RF

through air affecting the calibration readings. For every 1 dB increment in attenuation,

RSSI was observed and an average of 20 consecutive RSSI values was determined for

every step. RSSI was plotted against attenuation as shown in Fig. 3.4 for the receivers

used in the experiment.

The graph indicates few discrepancies in the RSSI values at -68 dBm and -54 dBm.

These were corrected with linear interpolation. The corrected readings were then used

to determine the correlation. An average of 20 RSSI values at each step also ensured

that the effect of noise is averaged out resulting in more precise values than those

obtained without calibration.

3.3 Metric:

Correlation is a tool to measure the similarity in variations between two or more random

variables. It is commonly used in research to compare two signals and find the extent

of their similarity. It is suitable for our purposes because the metric for capturing the

similarity in variations between signals from co-located transmitters is required to be

independent of the average signal level but dependent only upon the relative signal

variations. Also, the metric is required to distinguish the signal patterns from random
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Figure 3.4: calibration

variations induced by noise. Correlation serves all the purposes.

Before proceeding with the description of the metric, we would like to emphasize

that the correlations between the received signal strengths of a pair of transmitters,

though they appear to be time correlations, are indeed space correlations. To be more

precise, each pair of RSSI values used for calculating the correlations compares the sig-

nal strength of the transmitter pair at a particular location in space. This is equivalent

to placing the two transmitters in a particular location, recording the signal strength,

repeating this exercise for different locations and eventually coming up with statistics

to confirm the co-location or no co-location of the transmitters. Therefore, an accu-

rate choice of packet transmission rate and transmitter movement speed is extremely

important to capture the ground reality. These factors are dealt in more detail in the

later sections.

RSSI serves as a good parameter to measure the fading correlation because of it’s

logarithmic nature. The logarithm ensures that we track only the relative changes in
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the signal irrespective of the signal level thereby emphasizing the presence of correlated

variations, if any, in a nearby or far-off transmitter pair.

To calculate these spatial correlations, we have used the Pearson’s R correlation

coefficient. It is a normalized parameter to measure the linear relationship between a

pair of randomly varying quantities. Correlation coefficient is given by

�(x, y) =
E[(x−�x)(y−�y)]

�x�y
where x,y are random variables

�x = E(x), �y = E(y)

�x =
√
variance(x),�y =

√
variance(y)

As evident from the formula, the correlation coefficient is dictated by only the

variations in the signal while the mean value is eliminated. The correlation coefficient

takes a value anywhere between and including -1 and +1. A value of 1 indicates perfect

correlation i.e. if X and Y are the two varying quantities then a correlation of +1

indicates that as X increases Y also increases. A value of -1 indicates that as X increases

Y decreases where decrease is indicated by the negative sign. A value of 0 indicates

that the two quantities are completely uncorrelated or that an increase or decrease in

the value of X does not have any effect on the value of Y. Also, note that the correlation

coefficient is only defined for varying quantities which is consistent with the fact that

the correlation coefficient returns a zero term in the denominator for constants.

3.4 Data processing:

The data processing algorithm is as shown in Fig. 3.5.

3.4.1 Transmission time correction:

The data processing software and experiments were systematically entwined to come up

with very precise correlation values unadulterated by any artifacts. The data processing

description, therefore, demands an explanation of certain practical considerations to

understand the scheme of things. Our goal was to find the correlation values when two

transmitters transmit simultaneously. This is important when calculating the fading

correlation of co-moving transmitters because the RSSI values received from a pair of
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transmitters should accurately capture the effect of it’s immediate local environment.

Similar local environment would imply similar RSSI variations and therefore, a high

correlation between the RSSIs and vice-versa. However, our transmitters were not

transmitting simultaneously and therefore, the following two considerations were made:

first, the actual location of the transmitters and second, the time interval between

transmissions.

The first part should be clear with the following simple calculation: If the trans-

mitters were made to transmit 20 packets per second when the walking speed was 0.5

m/s, it implies a transmission every 2.5 cm. 2.5 cm is approximately 1/13tℎ of � at

911 MHz and therefore, implies that it is more than Nyquist sampling rate to capture

the multipath variations which occur over the order of a �. So, when two co-moving

transmitters transmit, they would be offset in their representation of spatial variations

by utmost 2.5 cm. A transmission frequency of 911 MHz implies a wavelength of 33 cm.

Thus, 2.5cm would also capture the same environmental variations. In fact, this offset

of 2.5 cm is also corrected to an extent by interpolation as explained in the ensuing

section.

The second part is about the time interval between transmissions. The packet trans-

missions from all the transmitters are periodic however, due to the use of RC oscillators,

which are not very accurate, the time interval between successive packet transmissions

from different transmitters are not always the same. It therefore requires that the

packets are aligned on the same time scale before correlating the packet amplitudes.

So, before correlating the RSSIs, every receiver is aligned with it’s respective computer

time and then with each other. The RSSI variations from the transmitters are perfectly

aligned and after interpolation they can be correlated.

3.4.2 Upsampling, Interpolation and Outage:

Upsampling and interpolation are techniques used in digital signal processing. Upsam-

pling, as the name suggests, is an increase in the sampling rate by insertion of additional

samples in between the actual samples. Upsampling along with interpolation is used

to smoothen a signal without introducing processing artifacts in the original signal. A
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RSSI

Time 

(milliseconds)50 ms

or  2.5 cm

Figure 3.6: Sampled Signal

need to perform this operation was felt in order to obtain a better estimate of the sim-

ilarity in signal variations experienced by co-located transmitters. It can be explained

as follows:

The packet transmission rate and transmitter motion speed is carefully chosen to

capture the multipath variations induced by the environment. With a packet trans-

mission rate of 20 packets per second, the interval between two successive packets from

a transmitter is 50 ms. Therefore, at a walking speed of 0.5 m/s, as explained in the

preceding section, two successive transmissions are 2.5 cm apart and they represent

snapshot of the multipath at locations 2.5 cm apart.

The successive samples in Figure 3.6 are 50 ms apart or to be more precise, 2.5 cm

apart. A movement of 2.5 cm is very small to bring about a significant change in the

multipath variation of a signal as 2.5 cm is approximately 1/13tℎ of �. Therefore, it

is reasonable to predict and add samples between two successive transmissions without

introducing artifacts in correlation from the interpolation technique.

Upsampling and interpolation determine and insert values between two successive

transmissions on the basis of the actual sample values. Spline interpolation suffices for

our purposes since it reconstructs a smoother waveform than linear interpolation and

does not introduce artifacts as the interpolation is carried out over a very small interval

of 2.5 cm. A quadratic spline fits a quadratic polynomial to consecutive samples of the
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Figure 3.7: Non-simultaneous transmission

curve to be interpolated and also ensures that there are no discontinuities at internal

points in the curve. Basically, quadratic spline interpolation is the simplest technique

to generate a smooth interpolated curve. Aforementioned procedure generates two

equal sized RSSI vectors for two co-located transmitters as if they were transmitting

simultaneously. It is important to realise that the entire exercise leaves the original

waveform unharmed.

The interpolation technique should be employed with a pinch of a salt as there

is a possibility of introducing errors if the interpolation extends beyond a threshold

due to packet loss i.e. if many successive packets from the transmitter are lost, the

interpolation algorithm can induce artifacts in the correlation estimate. Therefore, we

have set a threshold of two successive packet losses on interpolation. Thus, the software

does not interpolate if more than two packets are lost from the transmitter. This is

termed as the outage threshold. Two successive packet losses implies 5 cm in space

at speed of 0.5 m/s over which interpolation will be done. 5 cm is still much less than

�/2 and therefore, should not introduce artifacts in the correlation estimate.

Group delay is defined as the delay suffered by input due to the system until it’s
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emergence at the output. The signals passing through the filter function are delayed at

the output. The amount of delay is dictated by the filter function. Therefore, before

correlating, the two signals are offset for the group delay as a precaution.

3.4.3 Demeaning:

As mentioned before, the RSSI values obtained from transmitters suffer from fast fading

and slow fading. Demeaning is the process of elimination of the local mean to prevent

the local statistics from affecting the correlation of high frequency variations. The

local mean contributes to the slow fading variations. These components are separated

during data processing by a moving average filter. The moving average filter takes an

average of specified number of samples. The number of samples or window size used

to filter the low frequency and high frequency component gives essential insights into

the variations. A large window size eliminates the high frequency components but also

diminishes the low frequency variations generating a flawed estimate of the correlations.

A small window size suffers the risk of not eliminating the fast variations completely.

For 20 packets per second and a motion speed of 0.5 m/s, we chose a window size of 40

real non-interpolated samples i.e. 1.25 m, as shadow fading remains almost the same
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over displacement of 1.25 m. The high frequency filter is derived from the low frequency

filter.

The Pearson’s sample correlation coefficient was used to determine the correlation

values. It is given by r =
∑

xiyi−nx̄ȳ
(n−1)sxsy

3.4.4 Fading segregation:

After the data is processed according to the algorithm described in the preceding sec-

tions, the slow fading and fast fading variations are separated from the obtained data.

Fig. 3.10 is the RSSI variation observed at one of the receivers for an experiment

conducted in the ORBIT room. The experiment comprised of the author walking in

circles of radius approximately 5 m at 0.5 m/s in the ORBIT room with the transmitter

in hand. Fig. 3.11 and Fig. 3.12 are the large scale and small scale variations filtered

from Fig. 3.10. The large scale variations are verified to be correct from the known

walking speed and trajectory followed during the course of the experiment. The two
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Figure 3.10: Amplitude variations (in dBm)

components clearly help us envision Fig. 3.10 as their superposition. Fig. 3.13 magnifies

and shows the multipath signal variations and also highlights the fact that the variations

occur over an order of a �.
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Figure 3.11: Slow fading variation

Figure 3.12: Multipath fading variation
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Figure 3.13: Multipath fading variation magnified
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Chapter 4

Results

The experiments were performed at the Technology Center of New Jersey at WINLAB,

North Brunswick, NJ. Measurements were collected in the ORBIT room at WINLAB.

ORBIT room is a large open space of 25 X 25 square meters. The walls of the

room are made from wood but one of them has three big glass windows. There are

wires and metal pipes running all over the ceiling connecting the orbit grid nodes and

the electrical wiring in the building. The cluttered ceiling in the room is concealed with

plaster of Paris sheets. 400 computers or orbit grid nodes are hanging from the ceiling

(plaster of Paris ceiling) which forms the ORBIT testbed. The nodes are placed at

exactly 1 meter from adjacent nodes in a square grid of 20 X 20 nodes. Each node is

covered with metal cap 30 cm in diameter. The location is prominently a line of sight

environment for communication. The figure below gives a very good idea about the

location.

Figure 4.1: Orbit Room at WINLAB
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4.1 Calibration Measurement:

In order to verify the validity of our experimental results and to obtain ballpark correla-

tion values we collected calibration measurements. These experiments were conducted

at WINLAB with one transmitter and six receivers. The transmitter was made to trans-

mit 100 packets per second. All the known transmitters in the vicinity were switched

off. Data was collected in sessions of five minutes each. The author walked with the

transmitter in hand at a speed of 0.5 m/s in the orbit room. Before processing the ac-

quired data, transmitter ID of alternate packets was changed into a different transmitter

ID. The purpose of this experiment was to verify that the data processing software gen-

erates a correlation coefficient of 1 for both slow and multipath fading variations when

a transmitter data is correlated with itself.

Tracker transmitter was defined and used for ease of experimentation. The

tracker transmitter transmits at a very low rate like 1 transmission per second. The

reason it has been called as tracker because it tracks the different sessions. It transmits

when a valid session is going on and it ceases transmissions when the session is sup-

posed to end. The low packet transmission rate was to ensure that the possibility of it

interfering with the normal operation of the experiment is minimum. In the rest of the

thesis, the terminology ’tracker transmitter’ means the same as defined here.

Figure 4.2: Receiver location (Rx1 and Rx2)
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Figure 4.3: Receiver location (Rx3 and Rx4)

Figure 4.4: Receiver location (Rx5 and Rx6)

Fig. 4.2, 4.3, 4.4 show the positions of the receivers when the experiment was

conducted. Two receivers were hooked to each laptop and they were placed so as to

form an equilateral triangle in the ORBIT room. Three experiments of five minute

duration each were conducted. In all three experiments, the author was walking with

the transmitter in hand at 0.5 m/s in the orbit room. The only difference between the

three experiments was the change in trajectory of motion: the first trajectory being

circles of radius approximately 5 meters. A non-periodic path giving the appearance

of a random path was followed in the second while the author walked in a straight line

path in the third experiment. Table 4.1 provides a brief summary of the experiment.

Fig. 4.5 indicates the fading correlation for the transmitter when it was in motion.
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Number of transmitters 1

Number of laptops 3

Number of receivers 6

Number of transmissions from experimen-
tal transmitter (per second)

100

Number of transmissions from tracker
transmitter (per second)

Not Used

Transmitter IDs 51

Tracker tag ID Not used

Receiver IDs (pairs) (16,18), (74,161), (79,80)

Transmit power 0 dBm

Packet duration 400 s

Transmit frequency 911 MHz

Walking speed 0.5 m/s

Cell phone status OFF

ORBIT grid status OFF

Experiment location Orbit room (Line of sight)

Number of Experiments 3

Session duration (in seconds) 300

Orbit room dimensions 25X25 sq. meters

Receiver height 40 cm, 58 cm (essentially the
height of the box on which the
receivers were placed)

Transmitter height when in author’s hand 120 cm

Table 4.1: Experiment details: calibration
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Figure 4.5: Calibration Measurement: slow fading correlation

The slow and multipath variations exhibited a correlation of almost 1 as expected since

it is the same transmitter which emulates two co-located transmitters and therefore,

the variations are virtually identical.

This experiment gave us the notion that closely spaced transmitters should exhibit

very high correlation and we expected similar results in the later experiments. These

experiments and results are described in the next section.
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Figure 4.6: Calibration Measurement: fast fading correlation
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4.2 Effect of distance between two co-located transmitters on corre-

lation

After the validity of the experiment was verified from the calibration measurements,

an experiment to measure the fading correlation between co-located transmitters was

conducted again in the orbit room. The simple structure of the room makes it easier

to analyze the results and therefore, it was preferred for most of our experiments.

Figure 4.7: Experimental setup

Figure 4.8: Experimental setup

Table 4.2 summarizes the details of the experiment. Fig. 4.7 and 4.8 indicate the

position of the receivers while the experiment was conducted. The simplest experiment
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Number of transmitters 3

Number of laptops 3

Number of receivers 6

Number of transmissions from experimen-
tal transmitter (per second)

16

Number of transmissions from tracker
transmitter (per second)

1

Transmitter IDs 51,53

Tracker tag ID 11

Receiver IDs (pairs) (16,18), (74,161), (79,80)

Transmit power 0 dBm

Packet duration 400 s

Transmit frequency 911 MHz

Walking speed 0.5 m/s

Cell phone status OFF

ORBIT grid status OFF

Experiment location Orbit room (Line of sight)

Number of Sessions 5

Session duration (in seconds) 300

Orbit room dimensions 25X25 sq. meters

Receiver height 76 cm (essentially the height
of the table on which the re-
ceivers were placed)

Transmitter height when in author’s hand 120 cm

Table 4.2: Experiment details: effect of distance
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comprised of 2 transmitters and 6 receivers. The transmitters were in the line of sight

(LOS) of the receivers. Three laptops were placed in the corners of the room and two

receivers were hooked to each of them via USB 1.0 port. Antennas of the transmitter

and receiver were 8.5 cm long when stretched along their length. The author was

walking with the transmitters in his hand at a height of 120 cm above the ground at a

speed of 0.5 m/s in circles of radius approximately 5 meters.

As indicated in table 4.2, the experiment comprised of five sessions of 5 minutes

each in which the author was walking at 0.5 m/s.

4.2.1 Session 1:

In this session, the author was walking in circles in the Orbit room at 0.5 m/s. Two

transmitters were attached to a wooden stick and they were spaced 8 cm apart. The

tracker transmitter was placed away from all the receivers to make sure that it’s packet

does not overshadow a subject transmitter packet during the course of the experiment.

The author was walking at 0.5 m/s in circles.

4.2.2 Sessions 2,3,4 and 5:

The scenario in session 2,3,4 and 5 was same as in session 1 except the spacing between

the transmitters was 12 cm, 15 cm, 20 cm and 25 cm respectively.

Fig. 4.9 shows an expected result that the slow fading correlation is high at all

the receivers. This is because the large obstacles which shadow the path between

transmitter and receiver will shadow very close spaced transmitters equally well unless

the distance between the transmitters is large enough to be comparable to the distance

between the receiver and the transmitter.

However, Fig. 4.10 was a more astonishing result as we started out believing that

the multipath correlations should be high for closely spaced transmitters. The results

show that the multipath fading correlations are very low even when the transmitters

are as close as a quarter of a �. Multipath correlation was expected to decrease with

the increase in the spacing between the transmitters. However, it was observed that it

starts low and stays low throughout the course of the experiment.
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Figure 4.9: Slow fading

Similar work done by the antenna and propagation community suggested that the

reason for low correlation between closely spaced transmitters was the dominant effect

of mutual coupling between the transmitters at very close distances. As the distance

between the transmitters decreases, they are electrically coupled i.e. the energy radiated

by one transmitter is absorbed by the neighboring transmitter. The signal amplitude

decreases if the neighbor is placed in the path between the transmitter and receiver.

This could be attributed to the presence of the other transmitter which is tuned to

the same frequency. We will refer to the transmitter in between as the interferer for

the sake of avoiding confusion. When the transmitter transmits, its energy is coupled

to the interferer due to its presence in the transmitter’s reactive field. This is similar

to the transformer working principle where the two transformer windings are coupled

together. As the transmitter and interferer come close to each other, the electrical

coupling between them strengthens.

To test this hypothesis, we decided to take more measurements which will be de-

scribed in the next section.
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Figure 4.10: Multipath fading
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4.3 Effect of mutual coupling on correlation:

This experiment was also conducted in the ORBIT room. To test our hypothesis

about the presence of mutual coupling between the transmitters following experiment

was designed. The idea behind the experiment was that if our hypothesis of mutual

coupling between the transmitters is true, then if the antennas are detuned then they

should have less effect on their neighboring transmitter than when they are well tuned

to the frequency.

Detuning the antenna amounts to creating a mismatch between the source impedance

and the antenna impedance. Every antenna has an impedance at which all of the power

input to the antenna is radiated into the environment. This antenna matching is accom-

plished using a network analyzer. Depending upon the quality of the match, a fraction

of the input power is radiated with the maximum match given by the maximum power

transfer theorem. As the antenna length is made shorter than required, there is a mis-

match which results in loss of the input power. By the principle of reciprocity, the

same theory applies to a receiving antenna which means that the amount of energy

coupled to the receiver also depends upon its match. Thus, as the antenna is detuned,

it captures less energy from the transmitter and most of it reaches the desired receiver.

As indicated in table 4.3 the experiment comprised of eight sessions of 5 minutes

each in which the transmitters were attached to a wooden stick and they were spaced

6 cm apart. The author was walking at 0.5 m/s.

4.3.1 Session 1:

The author walked in circles of radius 5 meters in the ORBIT room with the trans-

mitters attached to the wooden stick. Transmitter antenna length was 8.5 cm.

4.3.2 Session 2,3,4,5,6,7,8:

Sessions 2,3,4,5,6,7 and 8 were same as Session 1 except that the lengths of the antennas

of both transmitters were snipped by 1 cm in every session. In session 8, length of the

antenna was 1.5 cm.
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Number of transmitters 3

Number of laptops 3

Number of receivers 6

Number of transmissions from experimen-
tal transmitter (per second)

16

Number of transmissions from tracker
transmitter (per second)

1

Transmitter IDs 19,10

Tracker tag ID 40

Receiver IDs (pairs) (16,18), (74,161), (79,80)

Transmit power 0 dBm

Packet duration 400 s

Transmit frequency 911 MHz

Walking speed 0.5 m/s

Cell phone status OFF

ORBIT grid status OFF

Experiment location Orbit room (Line of sight)

Number of Sessions 8

Session duration (in seconds) 300

Orbit room dimensions 25X25 sq. meters

Receiver height 76 cm (essentially the height
of the table on which the re-
ceivers were placed)

Transmitter height when in author’s hand 120 cm

Table 4.3: Experiment details: effect of mutual coupling



35

Figure 4.11: Effect of mutual coupling on correlation: Slow fading

As expected, the correlation improved with the decrease in antenna lengths. Fig. 4.12

shows that when the antenna length is snipped by 1 cm in the first session, the multi-

path fading correlation decreases. This was because the antenna length was optimized

on a network analyzer while it was alone. The presence of a neighboring antenna de-

tunes the transmitting antenna. Snipping it by 1 cm optimizes the antenna for the new

impedance. Shortening the antenna length further starts deteriorating the antenna

performance and the correlation gradually increases until it reaches 0.5. It is hypoth-

esized that the correlation would be very high with these shortened antennas. In fact,

[4] shows calculations that confirms that at 0.18� (6 cm), the theoretically expected

correlation value is 0.5. Thus, the experiment suffices to prove our hypothesis.
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Figure 4.12: Effect of mutual coupling on correlation: Multipath fading



37

Chapter 5

Conclusions and Future Work

5.1 Conclusion:

We conclude that slow fading variations could be used to localize closely spaced trans-

mitters as they are highly correlated. However, multipath variations by their own

cannot assist localization due to the presence of mutual coupling between the antennas

at very close distances. But, it is possible to exploit the multipath variations to localize

objects by detuning antennas which ensures that there is minimum coupling between

the transmitters, thereby, not distorting their radiation pattern and thus, resulting in

high multipath correlations. It also suggests that multipath variations could be in-

vestigated further for implementation in mobile handsets due to the evidence of a low

correlation between the transmitters placed within a 1/6tℎ� distance from each other

which are usually the type of space constraints for mobile terminals.

5.2 Future Work:

Experimental results presented in this paper were conducted in the ORBIT room which

does not represent a practical scenario due to its large open space, mostly line of sight

nature and the presence of metal all around the room. Experiments should be conducted

in more realistic environments to see the effect of actual surroundings on correlation.

Useful insights could be gathered from experiments at locations which are prominently

non-line of sight.
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