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Abstract—Wireless communication of information in oil wells is a 

key component of drilling operations. For cost-effective, fast and 

low-risk drilling, information such as temperature, pressure, etc., 

should be transmitted from downhole to the driller on the surface. 

Data transmission thru drill strings and via sound signals is a fea-

sible approach. However, due to the superposition of many reflec-

tions from tool joints connecting pipes in the drill string, it behaves 

similarly to a multipath wireless channel with strong signal fades. 

Here we study multichannel reception using several receivers to 

improve communication system performance. We propose a 

strain sensor and a tri-axial accelerometer as a four-channel re-

ceiver. Given the complexity of studying the strain channel and 

the three acceleration channels analytically, we conduct experi-

ments to obtain these channel impulse responses. Our measure-

ments show that these wireless channels are nearly uncorrelated 

and therefore can provide diversity gain. This is further con-

firmed by presenting low bit error rates that this system provides. 

Comparison with single channel receivers shows the usefulness of 

the proposed system for wireless communication via drill strings. 

 
   Index Terms—channel characterization, channel correlations, 

diversity, multichannel reception, oil wells communication. 
 

I. INTRODUCTION 

   In oil well drilling operations, the driller needs to have real-

time information about the environment that the drill bit has to 

face such as temperature, humidity, pressure, etc. The infor-

mation should be collected close to the drill bit and then sent to 

the surface, so the driller can monitor the drilling process in real 

time. Since oil wells are typically very deep, say, several thou-

sand feet or more, wireless communication in there is preferred, 

as wired communication is expensive and prone to failure, es-

pecially due to the harsh and high temperature environment. 

   Sound waves can travel thru water [1] and other types of me-

dia such as solids [2], and have proven to be effective for wire-
less communication via drill strings [2] [3]. They offer higher 

data rates than the mud pulse method whose data rate is typi-

cally few bits per second. They are also a better alternative than 

electromagnetic waves, which suffer from high attenuations. 

   A drill string is constructed from a series of pipes connected 

via tool joints. Due to mismatch between pipes and tool joints, 

there are many forward and backward reflections of a transmit-

ted signal, which result in a complex multipath channel in drill 

strings. Multichannel reception using several receivers is 

known to be an effective approach for improving communica-

tion system performance in multipath environments [4]. How-

ever, it is observed that in various environments such as wire-

less acoustic channels [5] and wireless radio frequency chan-

nels [6] there might be some correlations between multiple re-

ceivers that can affect the system performance. Our goal is to 

study multiple wireless channels in drill strings, to understand 

possible levels of correlations between such channels. 

   Due to many back and forth signal reflections from tool joints 
[2], analysis of wave propagation in drill strings is complex and 

involves solving several partial differential equations, and su-

perpositions of several wave modes expressed as functions of 

certain eigenvalues and eigenvectors and different wave-

numbers [7]. This becomes further complicated when there are 

multiple sensors and channels with some possible correlations, 

which are the focus of this paper. Therefore, we resort to ex-

periments to directly study correlational properties of multiple 

wireless channels in drill strings. 

   In what follows, Sec. II introduces signals and channels, and 

the testbed and measurements are presented in Sec. III. Sec. IV 
and V discuss measured channel correlations, followed by sys-

tem performance analysis, and Sec. VI concludes the paper. 

II. DEFINITIONS OF SIGNALS AND CHANNELS 

   Consider an actuator placed on one end of the drill string, 

which transmits the signal ( )t , by converting it from electric 

form to acoustic waves. At the other end of the drill string we 

propose to consider two different sensor types that receive 

propagated acoustic signals and convert them to electric sig-

nals. The first sensor is a tri-axial accelerometer which 

measures local vibrations accelerations in three orthogonal di-

rections x, y, and z, whereas the second one is a strain sensor 

that measures local fractional displacement due to vibrations. 

More specifically, let ( )xu t , ( )yu t  and ( )zu t  be the time-vary-

ing local displacements due to vibrations at a certain point on a 

pipe where the accelerometer and strain sensor are mounted 

(see Fig. 1, with the two sensors spaced by  ). The acceleration 

signals are second derivatives of the displacement signals 

                     2 2( ) ( ) /i ia t u t t   ,     , ,i x y z .                    (1) 

Additionally, the strain signal is spatial derivative of the dis-

placement signal along the axis of the strain sensor [2]. Since 
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 Fig. 1. Schematic of a tri-axial accelerometer and a strain sensor mounted on 

a pipe and spaced by δ, serving as the four-channel receiver. 
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in Fig. 1 the strain sensor is aligned with the pipe axis, which 

is in the x direction, we obtain 

                                     ( ) ( ) /xs t u t x   .                             (2) 

   Let impulse responses of the four-channel receiver be repre-

sented by ( ), ( ), ( ) and ( )x y z sh t h t h t h t , where the first three are 

for the tri-axial accelerometer and the last one is for the strain 

sensor. Upon transmitting the signal ( )t , the four received 

signals can be written as 

            ( ) ( ) ( ) ( )i i ir t h t t n t   ,     , , ,i x y z s ,                (3) 

where   is for convolution and ( )in t  represents noise in the i-

th channel. In the next section we show how these four channel 

impulse responses can be obtained from acceleration and strain 

measurements of the sensors given in (1) and (2). 

III. THE TESTBED AND CHANNEL MEASUREMENTS 

   The drill string testbed consists of four steel pipes connected 

via tool joints (Fig. 2). The length and diameter of each pipe 

are 60 and 4 inches, respectively (about 1.5 m and 10 cm, re-

spectively). The length of each tool joint is 3.5 inches (about 9 

cm). The transmitter is an actuator (Etrema’s model CU18A) 

that can supply vibrations up to 20 kHz. Since acoustic waves 

can propagate in a drill string in different modes [2], here we 

consider two types of excitations, axial and radial, shown in 

Fig. 3a and Fig. 3b, respectively, to study and compare their 

channel correlation properties. The receiver includes a tri-axial 
accelerometer (PCB’s model 356B21) and a strain sensor 

(PCB’s model 740B02), shown in Fig. 3c. 

   Channel Estimation Method: To estimate the channel im-

pulse responses sensed by these two sensors, we probe the drill 

string by a one second linear frequency modulated chirp signal 

over the frequency range of 0.4-9.2 kHz, with a slope of 8.8 
kHz/sec., applied to a power amplifier followed by the actuator. 

At the receive side, signals measured by the sensors are sam-

pled at a rate of 40 ksamples/sec using a multichannel analog-

to-digital converter and fed into a computer. Cross-correlation 

of the received signals with the chirp signal provides measure-

ments of the channel impulse responses in the drill string [8]. 

   The acceleration and strain signals measured by the sensors 

are different physical quantities with different units. In such 

scenarios, when different types of signals are used in a multi-

channel receiver, they should be converted to the same unit [1].             

   The unit of acceleration is m/sec2, whereas strain in (2) is di-

mensionless. However, since typically its value is much smaller 

than one, for convenience it is usually presented in the dimen-

sionless μɛ unit, where 61μ 10  and ɛ refers to strain. Addi-

tionally, sensor sensitivities are not the same and have different 

units as well: the unit of accelerometer sensitivity a  is mil-

liV/g, where g = 9.8 m/sec2 is the gravity acceleration, whereas 

the unit of strain sensor sensitivity 
s  is milliV/μɛ. To unify 

different units, we find it useful to convert strain to accelera-

tion. Similarly to [2], consider a plane wave for the displace-

ment signal along the pipe axis, i.e., ( ) exp( ( ))xu t j t kx  , 

where 2 1j   ,   is the angular frequency and k is the wave-

number. With /k V  in nondispersive media, where V is the 

wave speed, substitution of ( )xu t  into (2) results in 

( ) ( / ) ( )xs t j V u t  . Using (1) we similarly obtain 
2( ) ( )x xa t u t  . Putting these together yields 

( ) ( )xa t Vj s t  . Therefore, a differentiator filter can be used 

to convert strain to acceleration [2]. 

 

(a) 
 

(c) 

 

(b) 

Fig. 3. Transmitter and receivers on 

the drill string: (a) actuator mounted 

for axial excitation along the drill 

string axis, (b) actuator mounted for 

radial excitation perpendicular to 

the drill string axis, (c) tri-axial ac-

celerometer (right) and strain sensor 

(left) mounted on the receive side. 

   Overall, we multiply the readouts of the tri-axial accelerom-

eter, which are in milliV, by the factor / ag  , which converts 

their units to m/sec2. Upon taking the derivative of the readout 

of the strain sensor, which is in milliV, multiplying it by V  

and then by the factor 610 / s
  we convert the strain unit to 

m/sec2 as well. For sensor sensitivities we have a   10 mil-

liV/g per channel and s  50 milliV/μɛ. 

   The four channel impulse responses 

( ), ( ), ( ) and ( )x y z sh t h t h t h t  obtained from the tri-axial accel-

erometer and strain sensor are shown in Fig. 4. 

Tx 

Receivers 

δ 1.5 m 

Fig. 2. The drill string testbed, not drawn to scale. The transmitter Tx is on the 

left, whereas the two receive sensors are on the right. One receive sensor is 

fixed at the end of the last pipe, and the other sensor is placed at a variable    

distance δ = 0, 10, 20, 30, 40 and 50 cm. 

Fig. 4. Drill string impulse responses of the four-channel receiver measured 

by the tri-axial accelerometer and the strain sensor. 



IV. CORRELATIONS OBTAINED FROM MEASURED CHANNELS 

   Strain and Acceleration Correlations: In Fig. 5 measured 

correlation magnitudes between strain and acceleration chan-

nels, after conversion to complex baseband equivalents, are 

shown for axial excitation, as a function of the spacing between 

the strain sensor and the tri-axial accelerometer. Overall, cor-

relations between strain and acceleration channels are small, 

and they decrease, as the sensor spacing increases. More im-

portantly, for δ = 0 where the two sensors are next to each other 

and therefore result in a compact multichannel receiver, all cor-

relations between the channels are below 0.3. To understand 

the benefit of using the proposed strain sensor and tri-axial ac-

celerometer system, we replace them by two single-channel ac-

celerometers (PCB’s model 352C33) and measure their im-

pulse response correlations. As shown in Fig. 5, for small spac-

ings, single-channel acceleration correlations are much higher 

than strain/tri-axial correlations. For δ = 0, they show a high 

average correlation of about 0.75. The impact of such a high 

correlation is analyzed in the next section. 
   Fig. 6 shows measured correlation magnitudes between strain 

and acceleration channels, after conversion to complex base-

band equivalents, for radial excitation. We note that for all sen-

sor spacings, correlations remain very low, less than 0.2. Meas-

ured correlations between the impulse responses of two single-

channel accelerometers are also shown in Fig. 6 as a reference. 

We observe that for small spacings, single-channel acceleration 

correlations are much higher than strain/tri-axial correlations. 

For δ = 0, they show a high correlation of about 0.65. Channel 

correlation impacts are analyzed in the next section. 

   Given that the axial data sets of multiple measurements for 

various spacings in Fig. 5 show small standard deviations, and 

since the testbed is time invariant, repeating experiments for 

Fig. 6 will provide similar results with small variations. Be-

sides, small changes in receiver correlations typically result in 

negligible changes in system performance, due to the nonlinear 

relation between receiver correlation and bit error rate [4]. 

   Acceleration Correlations: For axial excitation and six meas-

urement sets over the 0.5 m interval, average correlation mag-

nitudes plus/minus standard deviations in the tri-axial accel-

erometer, for the acceleration channel pairs (x,y), (x,z) and (y,z) 

are 0.33 +/- 0.04, 0.17 +/- 0.06, and 0.12 +/- 0.03, respectively. 
For radial excitation, these correlation statistics are 0.12 +/- 

0.02, 0.08 +/- 0.03, and 0.1 +/- 0.02, respectively. All these cor-

relations appear to be small. 

V. PERFORMANCE ANALYSIS USING MEASURED CHANNELS 

   System Equations: Here we study performance of the pro-

posed four-channel receiver composed of a tri-axial accelerom-

eter and a strain sensor, as well as possible impacts of channel 

correlations. The complex baseband equivalent of (3) is given 

by ( ) ( ) ( ) ( )i i ir t h t t n t   , , , ,i x y z s . Using this, re-

ceived signals for a block system model [9] can be written as 
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H ,     , , ,i x y z s .       (5)  The 

Receiver: With perfect channel knowledge at the receiver, and 

where elements of (5) are measured channels from Sec. III, 

minimum variance unbiased estimate of the vector Γ is [8]  

           † † † 1ˆ , ( )H H   Γ H R Γ H N H H H H ,             (6) 

 

 

Fig. 5. Measured correlation magnitudes (means plus/minus standard devia-

tions) between strain and tri-axial acceleration channels versus sensor spacing 

δ, for axial excitation. As a reference, correlations between two δ-spaced sin-
gle-channel accelerometers measured under the same setup are shown as well. 

Fig. 6. Measured correlation magnitudes between strain and tri-axial acceler-

ation channels versus the sensor spacing δ, for radial excitation. As a refer-

ence, correlations between two δ-spaced single-channel accelerometers meas-

ured under the same setup are shown as well. 



where †  is pseudo inverse and H  is transpose conjugate. Co-

variance of symbol estimation error vector ˆ Γ Γ  is [8] 

               2 1ˆ ˆ[( )( ) ] ( )H HE     W Γ Γ Γ Γ H H ,              (7) 

where E is for mathematical expectation and 2  stands for the 

power of additive complex Gaussian noise. To study the per-

formance of the proposed system, consider that K equi-proba-

ble binary phase shift keying (BPSK) symbols are transmitted, 

i.e., 1   , 1,..., K  . The average bit error rate (BER) of 

the receiver in (6) over K symbols can be written as [9] [10] 

                          1

1
2 /

K

eP K Q w




  ,                        (8) 

where w  is the  -th diagonal element of W in (7) and 
1/2 2( ) (2 ) exp( / 2)Q d


   

  . 
   BER Results: Fig. 7 shows the average BER of the four-chan-

nel receiver composed of a tri-axial accelerometer and a strain 

sensor, computed using (7), (8) and the measured channel im-

pulse responses with axial excitation and 200K  . Compared 

to the average BER of a benchmark system whose receiver is a 

single-channel accelerometer, also shown in Fig. 7, the pro-

posed system exhibits a significant performance improvement. 

To understand the benefit of using the proposed strain sensor 

and tri-axial accelerometer system, we replace them by two sin-

gle-channel accelerometers and compute the average BER of 

this system using (7) and (8), where 1 2[ ]T T TH H H  contains 

banded channel convolution matrices measured by the two sin-

gle-channel accelerometers. As shown in Fig. 7, this average 

BER is about the same as the average BER of the benchmark 

system whose receiver is a single-channel accelerometer. This 

nearly similar BER can be attributed to the high correlation be-

tween the two single-channel accelerometers, i.e., 0.75, as dis-

cussed in the previous section. This implies almost no diversity 

gain. On the other hand, correlations between all channels of 

the strain/tri-axial receiver are all small, below 0.33, according 

to the previous section. This indicates a high diversity gain that 

can explain the low BER in Fig. 7. Similar results are obtained 

for radial excitation (not presented due to space limitations). 

   Channel Estimation Error: In practice the assumed perfect 

channel knowledge is not available and channel should be esti-

mated at the receiver. The estimated channel matrix can be 

written as ˆ  H H E  [11], where E is estimation error matrix 

whose non-zero elements are unit-variance complex Gaussians, 

and   specifies channel estimation accuracy ( 0  means per-

fect channel estimate). The resulting symbol vector estimate is 
†ˆ ˆΓ H R . For fairly accurate channel estimates, 1 , we 

similarly [11] use a Taylor expansion 
† † † † †ˆ ( )    H H E H H EH , which results in 

† † † †ˆ     Γ Γ H N H EΓ H EH N . Comparing with (6), we 

observe imperfect channel knowledge, 0 , introduces addi-

tional noise-like terms. To see how this affects system perfor-

mance, average BER of the four-channel receiver is shown in 

Fig. 7, for 0.05, 0.1, 0.15 , obtained by perturbing the meas-

ured channels in H via ˆ  H H E , and then counting the 

number of differences between the transmitted symbol vector 

Γ  and its estimate Γ̂ . We observe imperfect channel 

knowledge causes some performance loss. For example, for 

BER of 0.02 and 0.15 , there is a 3 dB SNR loss in Fig. 7. 

VI. CONCLUSION 

   In this paper a multichannel receiver for wireless communi-

cation over drill strings is introduced. The channels in the sys-

tem are strain and three acceleration channels. Using measured 
channel impulse responses, it is shown that these channels are 

nearly uncorrelated, so, the multichannel receiver can provide 

diversity gain. This is demonstrated by a system performance 

analysis, which shows small bit error rates, compared to single-

channel receivers or receivers with highly correlated channels. 
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