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SYSTEMS AND METHODS FOR BLIND 
ECHO CANCELLATION 

FIELD 

[0001] The present invention relates to terahertZ spectros 
copy and imaging systems, and in particular, to systems and 
methods for processing terahertZ signals to reduce the effect 
of echoes. 

BACKGROUND 

[0002] TerahertZ radiation is electromagnetic Waves that 
have a frequency betWeen 100 GHZ and 30 THZ, lying 
betWeen the infrared and microWave parts of the spectrum. 
The radiation is non-ioniZing and can penetrate most non 
metallic objects but is absorbed by polar materials and liq 
uids. Consequently, terahertZ technology provides a number 
of spectroscopy and imaging applications, and is a fast-groW 
ing ?eld. 
[0003] TerahertZ pulses are distorted by passing though 
various materials including gases, liquids, and solids. It is 
Well knoWn that different materials alter the terahertZ Waves 
differently, depending on the material and the frequency con 
tent of the signal. It is the purpose of terahertZ signal process 
ing to detect and classify these changes. Depending on the 
application, some of the changes are undesired and must be 
compensated for. 
[0004] In terahertZ signal processing a detected signal often 
contains several echoes of the same signal due to re?ections 
of the signal. Depending on the setup, re?ections can come 
from sample edges, Wave-guide ends, the terahertZ source 
structure, the terahertZ detector structure or any of a number 
of other sources. In some cases, multiple re?ection mecha 
nisms may be combined. 
[0005] The simplest Way to handle the re?ection mecha 
nisms in terahertZ signal processing is to time-gate the signal 
before the occurrence of any echoes due to the re?ections. 
HoWever, by time-gating the signal, the frequency resolution 
of the signal is also decreased since it is inversely proportional 
to the time-length of the signal. Reduced frequency resolution 
results in a decreased image resolution in imaging applica 
tions, and in spectroscopy applications, may result in failing 
to detect spectroscopic indicators With a narroW frequency 
response. 
[0006] Other approaches to minimiZe the echo effect have 
attempted to solve the problem With the hardWare setup. 
HoWever, due to the inherent nature of terahertZ systems this 
approach is practically impossible, or at the least, costly in 
terms of the system complexity and terahertZ signal quality. 
[0007] Presently, the most practical solution involves tak 
ing an extra reference measurement Without the sample to be 
measured present. The reference measurement is then differ 
entiated or deconvolved from the main measurement to 
remove the re?ection effects. HoWever, in practice this may 
not be possible or easily accomplished. For example, if the 
re?ection is coming from the sample to be measured, one 
could remove the sample and replace it With another object 
Which generates exactly the same re?ection effect. In spec 
tro scopy, Where the sample is unknown, or in cases Where the 
sample is structurally complex, it is either impossible or very 
dif?cult to replace the sample Without introducing other 
effects. Taking an extra reference measurement also does not 
account for the re?ections Within the structures of the tera 
hertZ emitter and detectors themselves. Also, temperature 
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?uctuations, change in beam position, or other factors affect 
ing laser stability betWeen the reference measurement and 
sample measurement can introduce errors. 

[0008] Accordingly, there is a need for improved signal 
processing in terahertZ spectroscopy and imaging applica 
tions that can remove the echo effects Without using a mea 
sured reference signal. 

SUMMARY OF THE INVENTION 

[0009] The present invention provides systems and meth 
ods of removing the adverse effect of re?ections in a received 
terahertZ signal Without using a measured reference signal. 
The removal of the echo effect from the re?ections Without 
the use of a measured reference signal may be referred to as 
blind echo cancellation. The use of blind echo cancellations 
methods may be applied in applications Where taking a mea 
sured reference signal is either impractical or may be inaccu 
rate. Using blind echo cancellation methods also alloWs a 
larger time period of the signal to be analyZed, Which in turn 
also alloWs a higher frequency resolution of the signal to be 
analyZed. This signal processing approach is bene?cial in 
many applications, including imaging and spectroscopy 
applications. 
[0010] According to a ?rst aspect of the invention, there is 
provided a method for canceling echoes in a terahertZ signal 
comprising the steps of receiving a terahertZ signal containing 
echoes; estimating a reference signal from the received sig 
nal; calculating the echoes as a function of the reference 
signal; and for at least one of the successive echoes, subtract 
ing the calculated echo from the received signal to form a 
re?ned reference signal; and re-calculating the echoes as a 
function of the re?ned reference signal. 
[0011] The step of calculating the echoes and re-calculating 
the echoes comprises estimating the time-shift and amplitude 
of each of the echoes as a function of the corresponding 
reference signal. The step of subtracting the calculated echo 
may be repeated until a threshold is reached. The threshold 
may include de?ning the re?ned reference signal over a 
de?ned portion of the echo period; the number of recalcula 
tion iterations performed; the difference betWeen the re?ned 
reference signal and the prior calculation of the re?ned ref 
erence signal. 

[0012] The received signal may be expressed as a sum of 
scaled, time-shifted reference signals. The reference signal 
may also be estimated using cross-correlation With the 
received terahertZ signal. 
[0013] According to another aspect of the invention, there 
is provided a method for canceling echoes in a terahertZ signal 
comprising the steps of receiving a terahertZ signal containing 
echoes; calculating a reference signal as a function of the 
received signal; and estimating system parameters of a re?ec 
tion mechanism by minimizing the energy of the reference 
signal. The system parameters may then be used in an inverse 
transfer function that may be used in a deconvolution With the 
received signal to remove at least one of the echoes. 

[0014] According to another aspect of the invention, there 
is provided a system for canceling echoes in a terahertZ signal, 
the system comprising a terahertZ signal receiver for receiv 
ing a terahertZ signal containing echoes; an estimator for 
estimating a reference signal from the received signal; an 
echo subtracter for subtracting an echo from the received 
signal to form a re?ned reference signal; and a signal calcu 
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lator for calculating the echoes as a function of the reference 
signal, and for calculating the echoes as a function of the 
re?ned reference signal. 
[0015] The reference signal may be modeled as a function 
of the received signal and the system parameters, Wherein an 
attenuated and time-shifted received signal is subtracted from 
the received signal to remove the effects of the echo. The 
transfer function used to model the terahertZ transmission 
may be based on a single slab medium in a vacuum. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] A preferred embodiment of the present invention 
Will noW be described in detail With reference to the draWings, 
in Which: 
[0017] FIG. 1 is a schematic diagram of a terahertZ radia 
tion transmission and detection system made in accordance 
With an exemplary embodiment of the present invention; 
[0018] FIG. 2 is a graph representing the reference pulse 
and the re?ected pulse With echoes; 
[0019] FIG. 3A is a Waveform diagram of the received 
signal shoWing ?rst and second order echoes; 
[0020] FIG. 3B is a Waveform diagram of the received 
signal shoWing the individual echoes that compose the 
received signal; 
[0021] FIG. 4 is a ?oW chart of an embodiment of the 
successive blind echo cancellation method; 
[0022] FIG. 5 shoWs a received terahertZ signal With echoes 
modeled according to the slab model; 
[0023] FIG. 6 is a ?owchart of an embodiment ofan ana 
lytical blind echo cancellation method; and 
[0024] FIG. 7 is a system diagram of an embodiment of an 
a terahertZ echo cancellation system. 

DETAILED DESCRIPTION 

[0025] Referring to FIG. 1, illustrated therein is a teraher‘tZ 
radiation transmission and detection system 100 made in 
accordance With an exemplary embodiment of the invention. 
The teraher‘tZ radiation system 100 may be used for either 
spectroscopy or imaging. The system 100 comprises a laser 
source 110 that is capable of generating optical pulses of 
femtosecond duration. The laser pulse excites the teraher‘tZ 
transmitter 120 to generate terahertZ radiation 125 that may 
be directed at a sample 140 that is being analyZed. The sample 
140 could be a gas, liquid or solid. The transmitted and 
re?ected teraher‘tZ radiation 145 may then be received by the 
teraher‘tZ detector 130. The terahertZ radiation at the detector 
130 may then be measured as an electric current by a signal 
processor 160. 
[0026] The laser source 110 is also used to excite the detec 
tor for the duration of the femto second pulse. An optical delay 
150 may be used to create a relative delay betWeen the pulse 
exciting the transmitter 120 and the detector 130. By adjust 
ing the optical delay, the signal processor 160 is able to 
reconstruct the terahertZ pulse shape. 
[0027] The signal processor 160 may be a Digital Signal 
Processor; a custom integrated circuit or FPGA; a general 
purpose microprocessor; or a combination thereof. In some 
embodiments, the signal processor 160 may also comprise the 
analog-to-digital conversion components, or in other embodi 
ments, the A/D conversion could be a separate component 
connecting the detector With the signal processor. The signal 
processor 160 should have modules orbe con?gured to recon 
struct the teraher‘tZ signal in the time domain, a module to 
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estimate the echo patterns using correlation or error calcula 
tions, and processing logic to coordinate the echo removal 
methods and process the received signal. 
[0028] FIG. 2 illustrates the teraher‘tZ Wave generated by 
the teraher‘tZ transmitter 120 as received by the detector 130 
With and Without the sample present. The reference pulse is 
shoWn as the dashed line in FIG. 2 and is the result of a 
reference measurement taken Without the sample present. 
With the sample present, the main measurement, shoWn as the 
solid line, shoWs the re?ected pulse and contains echoes. 
Signal processing approaches that utiliZe a reference mea 
surement may then differentiate (or deconvolve) the reference 
measurement from the main measurement to remove the 
re?ection effects. 
[0029] FIG. 3A illustrates a signal received by the teraher‘tZ 
detector shoWing echoes that are relatively spaced apart. The 
received signal is a solid line noted as Xi” and may be repre 
sented as a time-shifted sum of the reference signal and the 
echoes, each of Which is indicated by dashed lines in FIG. 3A. 
The time period of each of the echoes is indicated in FIG. 3A 
With Echo 1 beginning at time TIl, Echo 2 beginning at time 
T:2, and Echo 3 beginning at time T:3. 
[0030] FIG. 3B illustrates the received signal and each of 
the portions of the received signal from FIG. 3A. The received 
signal is composed of the signals: Echo 0 (or the reference 
signal), Echo 1 and Echo 2 shoWn in FIG. 3B. 
[0031] The re?ection mechanism may be modeled as an 
input-output system, Where the input is the desired (refer 
ence) signal, and the output is the signal With echoes. Without 
considering the material dispersion of the sample, the system 
impulse response can be shoWn as: 

Where 6(t) is the unit impulse function. This means that the 
output signal may be modeled as: 

Wherein (Xp represents an attenuation of the reference signal 
and "up represents a time-shift of the reference signal. 
[0032] Using the above model, the reference signal xw/(t) 
may then be recovered from the received signal xS(t) Without 
a reference measurement. Referring again to FIG. 3, the 
received signal betWeen the interval of T0 and T1 may be 
represented as folloWs: 

XSUFQOXWAPTO) 
Therefore, part of the reference signal related to this time 
interval may be recovered from the received signal. In the 
next interval betWeen T 1 and T2, the received signal contains 
the ?rst echo, shoWn as Echo1 in FIG. 3, and a further portion 
of the reference signal. The received signal over this interval 
may be represented as folloWs: 

[0033] Using an initial estimate of the reference signal 
based on the interval between T0 and T1, the echo portion of 
the signal may then be subtracted from the received signal 
Within the interval from T1 and T2 to further re?ne the esti 
mate of the reference signal. The re?ned estimate of the 
reference signal Will noW include a portion of the signal, 
betWeen T l and T2, that Was obscured by the effects of Echo1. 
[0034] Due to dispersion and other effects, the time period 
of the echoes may be longer than the time period of the initial 
estimate of the time period of the reference signal (i.e. 
T2—Tl>T1—TO). Therefore, removal of the echo using the 
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time-limited reference signal may not completely cover the 
echo period. If the echo period is not completely covered, the 
later portion of the echo may continued to be removed from 
the received signal because noW a larger portion of xw/(t) is 
knoWn. This is similar to the ?rst removal step as explained 
above. After each iteration of echo removal, the removal of 
Echol approaches T2, therefore the period of the re?ned 
reference signal also approaches T2. 
[0035] For successive echoes, the echo removal process is 
similar to that shoWn for Echol above. Because t—tau1>t— 
tau2> . . . for any t, Echol has the strongest overlap With the 

reference signal. This means that Echo 1 is the limiting echo 
because it obscures the most energy of the reference signal. 

[0036] NoW referring to FIG. 4, shoWn is a ?owchart of an 
embodiment of a successive blind echo cancellation method 
400. This method may be used to process signals received 
from a teraher‘tZ detector, such as that shoWn in FIG. 1. In step 
410, an input signal is received that includes echoes. The 
input signal may be reconstructed from the received signals at 
the teraher‘tZ detector to obtain a time-domain representation 
of the electric current at the detector. 

[0037] In the next step 420, an initial estimate of the refer 
ence signal may be obtained from the received signal. An 
autocorrelation approach may be used to estimate the refer 
ence signal and estimate the time-shift of each of the echoes. 
Once the initial estimate of the reference signal is obtained, 
the echoes may be represented as a function of the reference 
signal. Other correlation approaches may be applied using 
algorithms such as those taught by A V Oppenheim, R W 
Schafer, “Discrete-time Signal Processing”, 1999-Prentice 
Hall, Inc. As described above, the received signal may be 
modeled as the folloWing sum: 

Wherein (XP represents an attenuation factor of the reference 
signal and "up represents a time-shift of the reference signal. 
[0038] Next, in step 430, the ?rst echo period is selected. 
The selected echo, as represented as a function of the refer 
ence signal, is then subtracted from the received signal to 
recover a re?ned reference signal in step 440. The re?ned 
reference signal Will have a longer time period, since it noW 
includes the portion that Was obscured by the echo. 

[0039] In step 450, the re?ned reference signal may noW be 
used to re-estimate the time-shift and amplitude of each echo 
as a function of the re?ned reference signal. A cross-correla 
tion approach may be used to correlate the re?ned reference 
signal With the received signal. In step 460 a determination is 
made Whether the estimated reference signal has been recov 
ered over the selected echo period. This step accounts for 
situations Where the period of the selected echo is longer than 
that of the estimated reference signal such that the re?ned 
reference signal is not de?ned over the entire period of the 
selected echo. If this is the case, using the re?ned reference 
signal and the estimates of the time-shift and amplitude 
obtained in step 450, then step 440 is repeated to obtain a 
further re?ned reference signal. As this procedure goes on, a 
larger portion (and ideally a more accurate estimate) of the 
re?ned reference signal is recovered. The determination in 
step 460 may also be based on other factors, for example, the 
number of iterations performed, the amount of difference 
from the last re?ned reference signal, or the re?ned reference 
signal being recovered over a de?ned percentage of the 
selected echo period. 
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[0040] If the determination in step 460 is made in the a?ir 
mative, the process may then proceed to step 470 to determine 
if additional echo periods should be processed. In the embodi 
ment shoWn in FIG. 4, this determination may be based on 
Whether all of the echo periods of the received signal have 
been processed. 
[0041] If additional echoes are to be processed, the next 
echo period may be selected in step 475. The estimates of the 
time-shift and amplitude of the echoes obtained in step 450 
are used and the currently selected echo, along With the pre 
ceding echoes, are subtracted from the received signal to 
obtain a further re?ned reference signal. 

[0042] In some embodiments, the step 470 may not be 
necessary as the system may be able to obtain a fairly accurate 
estimate of the reference signal Without processing the addi 
tional echoes. In other embodiments, the determination in 
step 470 may be based on processing a certain number of echo 
periods or stopping When the calculation of the last re?ned 
reference signal does not signi?cantly differ from the current 
calculation of the re?ned reference signal. 
[0043] Finally, in step 480, the re?ned reference signal may 
be available for analysis or further signal processing. With the 
echoes removed from the signal a greater length of time of the 
signal may be analyZed. This in turn also increases the fre 
quency resolution of the signal as it is inversely proportional 
to the time-length of the signal. 
[0044] Another Way to recover the reference signal is to 
estimate the impulse response of the teraher‘tZ system and 
then deconvolving this With the received signal in the time or 
frequency domain to recover the reference signal. This 
approach may be referred to as an analytical blind echo can 
cellation approach. Modeling the sample as a single slab 
medium in a vacuum, We can represent the Z-transform of the 
transfer function as follows: 

(If d 
hS(Z) : — Where 

Where n and L are the refractive index and thickness of the 
slab, respectively, and fsamp is the sampling frequency. This 
transfer function models most of the re?ection mechanisms 
present in a terahertZ system. Other embodiments of the 
invention may use alternative transfer functions that provide 
a model for other effects, including other re?ection mecha 
nisms, dispersion or other transmission effects. 
[0045] Most of the re?ection mechanisms found in tera 
hertZ systems may be modeled as above. The model may be 
considered a ?rst-order re?ection mechanism. NoW referring 
to FIG. 5, shoWn is a received terahertZ signal With echoes 
according to the slab model. According to the ?rst-order 
re?ection mechanism, the poWer of the nth echo may be rep 
resented as otB”. Also, shoWn in FIG. 5, the length of the 
echoes are represented by distance 2d. 

[0046] If the re?ection system in the teraher‘tZ system may 
be modeled by the transfer function hS(Z), as shoWn above, 
then the inverse of this transfer function may be used to 
recover the reference pulse. The folloWing transfer function is 
the inverse of hS(Z): 
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Since the gain and the time-shift are known, they may be 
incorporated into the result if necessary. Then, an estimate of 
the reference signal may be recovered through the following 
convolution with the Z-transform of the received signal: 

freAZFgAZVAZ) 

where fire/(Z) represents the result of applying the inverse 
?lter on the signal. Therefore, in the time domain, 

x,e/(t):(xx,e/(t—d). 
[0047] Assuming that the analytical BEC algorithm 
applies, the reference signal may be calculated as follows: 

98(2) = 1 - 3223 then, 

23 

In the ideal case, dId and [3:6, such that fire/(Z) may be 
represented as the x,e/(Z) pulse with a gain and a time-shift. 
However, if d¢d or [$43, there will be some remaining echoes 
in xVZ/(Z) after the main pulse. A 
[0048] To ?nd the optimal values of d and [3 in a blind 
fashion, a cost function may be used in the following form: 

For example, some embodiments of the invention may use the 

energy of xw/(t) as the cost function, namely J(d,[A3):||x,e/(t)||2. 
The function xVE/(t) may be estimated as a function of the 
received signal less a scaled, time-shifted copy of the received 
signal as follows: 

fallen-mead» 
This estimate takes into account only the ?rst echo, but other 
embodiments may use more sophisticated functions to cancel 
the effect of the other echoes. In most cases, canceling the 
subsequent echoes may only provide marginal improvement 
in the signal quality. Next, in order to ?nd the best calculation 
of the reference signal, the following optimiZation problem 
may be solved to ?nd the optimal values of d and [3: 

@1110. if) = rgqnukmfmuz 
dyli dyli 

[0049] Now referring to FIG. 6, shown is a ?owchart of an 
embodiment of an analytical blind echo cancellation method 
600. This method may be used to process signals received 
from a terahertZ detector, such as that shown in FIG. 1. In step 
610, an input signal is received that includes echoes. The 
input signal may be reconstructed from the received signals at 
the terahertZ detector to obtain a time domain representation 
of the electric current at the detector. 

[0050] Next, in step 620, a slab model may be used to 
represent the system impulse response as described above. 
The system parameters d and [3 may be estimated by mini 
miZing the cost function J(d,[3):||x,e/(t)||2, [Tbegin<t<Tend]. 
After the system parameters have been estimated, the param 
eters may be used in the inverse system impulse response 
function to recover the reference signal in step 630. Finally, in 
step 640, the reference signal may be output without echoes. 
[0051] Now referring to FIG. 7, shown is a system diagram 
of a system 700 for canceling echoes in a received terahertZ 
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signal. The system may process the received signal using a 
successive blind echo cancellation approach. While the sys 
tem 700 is shown as a number of discrete blocks, each block 
may be implemented in combination with the other blocks 
and each block may be implemented in either software or 
hardware. The software may be executed on a computer, a 
digital signal processor or in a signal processing software 
suite. The system may also be implemented in hardware using 
a specially programmed microprocessor, a digital signal pro 
cessor or a custom con?gured integrated circuit or FPGA. 

[0052] The signal receiver 710 may be connected to a tera 
hertZ signal detector, such as the terahertZ detector 13 0 shown 
in FIG. 1, or may be connected to an analog-to-digital con 
verter that is connected to a terahertZ signal detector. The 
function of the signal receiver 710 is to construct a time 
domain digital representation of the terahertZ signal from the 
energy received from the terahertZ detector, either directly or 
indirectly. The time-domain terahertZ signal data is then 
ready to be processed by the reference signal estimation block 
720. 
[0053] The function of the reference signal estimation 
block 720 is to make a ?rst approximation of the reference 
signal. This may be accomplished using auto-correlation with 
the received signal to estimate the reference signal and the 
spaced echoes. Other approaches could iteratively estimate 
the reference signal and attempt to minimiZe the error, as 
measured by the difference in energy, between the estimate 
and the received terahertZ signal. The estimate of the refer 
ence signal, shown as Xref in FIG. 7, is then passed to the 
received signal calculation block 730 that then represents the 
received signal as a function of the reference signal. This is 
shown as XsQiref) in FIG. 7. 
[0054] Next, the echo subtraction block 740 will subtract a 
selected echo, de?ned in terms of the estimated reference 
signal, from the received terahertZ signal. The re?ned signal, 
shown as XS less echo in FIG. 7, is then used by the reference 
signal estimation block to re-calculate a more re?ned esti 
mate of the reference signal. This re?ned reference signal is 
then used by the received signal calculation block to obtain a 
better estimate of the received signal as a function of the 
re?ned reference signal. The echo subtraction block 720 may 
again subtract a selected echo this time from the re?ned signal 
XS previously calculated by the subtraction block 720. The 
subtraction block 720 may also contain logic to determine 
when the terahertZ signal processing is complete. This may be 
accomplished using any number of thresholds, as discussed 
above. 
[0055] The present invention has been described here by 
way of example only. Various modi?cation and variations 
may be made to these exemplary embodiments without 
departing from the spirit and scope of the invention, which is 
limited only by the appended claims. 

1. A method for canceling echoes in a terahertZ signal, the 
method comprising the steps of: 

receiving a terahertZ signal containing echoes; 
estimating a reference signal from the received signal; 
calculating the echoes as a function of the reference signal; 

for at least one of the successive echoes, 
subtracting the calculated echo from the received signal 

to form a re?ned reference signal; and 

re-calculating the echoes as a function of the re?ned 
reference signal. 
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2. The method of claim 1 wherein the steps of calculating 
the echoes and re-calculating the echoes comprises: 

estimating the time-shift and amplitude of each echo as a 
function of the corresponding reference signal. 

3. The method of claim 2 Wherein the steps of subtracting 
the calculated echo and re-calculating the echoes is repeated 
until a threshold is reached. 

4. The method of claim 3 Wherein the threshold is de?ned 
by the re?ned reference signal being recovered over a de?ned 
portion of echo period. 

5. The method of claim 3 Wherein the threshold is de?ned 
by the number of iterations performed. 

6. The method of claim 3 Wherein the threshold is de?ned 
by difference betWeen re?ned reference signal and the prior 
calculation of the re?ned reference signal. 

7. The method of claim 2 Wherein the step of estimating the 
reference signal uses cross-correlation of the received signal. 

8. The method of claim 2 Wherein the received signal is 
expressed as a sum of scaled, time-shifted reference signals. 

9. A method for canceling echoes in a terahertZ signal, the 
method comprising the steps of: 

receiving a terahertZ signal containing echoes; 
calculating a reference signal as a function of the received 

signal; and 
estimating system parameters of a re?ection mechanism by 

minimiZing the energy of the calculated reference sig 
nal; and 

deconvolving the received signal With an inverse transfer 
function using the system parameters to remove at least 
one of the echoes. 

10. The method of claim 9 Wherein the function of the 
reference signal is modeled as a function of the received 
signal: 

Where [3 is a system parameter representing the gain and d 
is a system parameter representing the time-shift. 
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11. The method of claim 9 Wherein the inverse transfer 
function is based on a transfer function model of a single slab 
medium in a vacuum. 

12. The method of claim 11 Wherein the transfer function 
is: 

d (If 
hS(Z) : Hm Where 

Where n is the refractive index, L is the thickness of the slab 
and fsamp is the sampling frequency. 

13. A system for canceling echoes in a terahertZ signal, the 
system comprising: 

a terahertZ signal receiver for receiving a terahertZ signal 
containing echoes; 

an estimator for estimating a reference signal from the 
received signal; 

an echo subtracter for subtracting an echo from the 
received signal to form a re?ned reference signal; and 

a signal calculator for calculating the echoes as a function 
of the reference signal, and for calculating the echoes as 
a function of the re?ned reference signal. 

14. The system of claim 13 Wherein the signal calculator 
estimates the time-shift and amplitude of each echo as a 
function of corresponding reference signal. 

15. The system of claim 14 Wherein the echo subtracter and 
signal calculator repeatedly subtract an echo and calculate the 
echoes as a function of the re?ned reference signal until a 
threshold is reached. 

16. The system of claim 14 Wherein the estimator uses 
cross-correlation of the received terahertZ signal. 

17. The system of claim 14 Wherein the signal calculator 
expresses the received signal as a sum of scaled, time-shifted 
reference signals. 


