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Abstract 

Scale Time Offset Robust Modulation (STORM) is a unique modulation technique that enables 
highly flexible multi-resolution processing of signals through time variant multi-path channels 
STORM may be used as a stand-alone modulation technique or it can be used in conjunction with 
more conventional systems that require rapid and robust synchronization. STORM combines 
time scaling and transmitted reference spread spectrum modulation. This innovation enables 
vanable time resolution, variable processing rates, and controllable non-coherent multi-path gain. 

Potential STORM applications are HF ALE systems, wireless MANET's, spread spectrum 
communication, and navigation systems. STORM is well suited to applications which emphasize 
simple acquisition over excellent noise performance. 

This STORM foundational analysis examined the robustness, performance, processing efficiency 
and potential applications. Robust performance is examined for fading channels in space and 
time. Performance analysis begins with the AWGN channel benchmark and then compares 
STORM and matched filtering over fi-equency selective channels. Next STORM processing 
efficiency is detailed and synchronization applications are explored. The appendix to this final 
report contains three FY03 IEEE STORM publications. 

This foundational analysis concludes that STORM is a unique supplement to existing and fiiture 
communications systems that offers the potential for better overall communications systems 
performance at a low cost. Each specific communications system may employ STORM for 
different featiires; however, STORM's ability to enable "dial-up" trade-offs between link 
throughput and link security offers immediate transition paths to some existing and about-to-exist 
communications systems. 
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ABSTRACT 

Scale Time Offset Robust Modulation is a unique modulation technique that enables highly 
flexible multi-resolution processing of signals through time variant multi-path channels. STORM 
may be used as a stand-alone modulation technique or it can be used in conjunction with more 
conventional systems that require rapid and robust synchronization. STORM combines time 
scaling and transmitted reference spread spectrum modulation. This innovation enables variable 
time resolution, variable processing rates, and controllable non-coherent multi-path gain. 

Potential STORM applications are HF ALE systems, wireless MANET's, spread spectrum 
communication, and navigation systems. STORM is well suited to applications which emphasize 
simple acquisition over excellent noise performance. 

This foundational analysis examined the robustness, performance, processing efficiency, and 
potential applications. Robust performance is examined for fading channels in space and time. 
Performance analysis begins with the AWGN channel benchmark and then compares STORM 
and matched filtering over frequency selective channels. Next STORM processing efficiency is 
detailed and synchronization applications are explored. The appendix contains three FY03 IEEE 
STORM pubhcations. 

This foundational analysis concludes that STORM is a unique supplement to existing and future 
communications systems that offers the potential for better overall commimications systems 
performance at a low cost. Each specific communications system may employ STORM for 
different features; however, STORM's ability to enable "dial-up" trade-offs between link 
throughput and link security offers immediate transition paths to some existing and about-to-exist 
communications systems. 

INTRODUCTION 

Scale time offset robust modulation is a novel modulation technique that essentially adds time 
scaling to transmitted reference modulation techniques [1-4,6]. Transmitted reference, TR, 
modulation enables spreading with a truly random sequence that is not predictable and reception 
with instant synchronization. 

Prior systems have used TR signal pairs which are offset in firequency [2] or time [3,4,6] but not 
time scale. More complex systems have used a mechanism such as stored reference spreading to 
secure the reference transmission [1]. TR systems which offset the signals in frequency can be 
difficult to match and require additional bandwidth. Furthermore, multi-path propagation de- 
correlates two different channels when the firequency offset exceeds the channel coherence 
bandwidth or the time offset exceeds the channel coherence time. De-correlating the received 
reference and offset waveforms reduces the available detection energy which ultimately increases 
the BER. Signals which use time offset alone often appear identical to multi-path signals. 

The STORM transmit signal is also created using a pair of relatively offset signals. These signals 
are called the base and offset signals. The base signal may be random noise, colored noise, a PN 
sequence, or QAM. The offset signal is created from a copy of the base signal that is offset in 
time, time scale, phase, and/or amplitude depending on the current data symbol. Setting the time 
scale close to one produces similar base and offset signals; thus, each signal is distorted similarly 



by transmission and channel degradations when these are highly overlapped in time and 
frequency. Summing the offset and base signal produces the transmitted waveform. 

In practice, relative motion does not time scale wideband electromagnetic signals significantly 
since the speed of light is 3 x 10* m/s. Extreme relative motion at 3 km/s time scales signals by 
only 1 + 10" . Since significant time scaling does not naturally occur, this modulation is distinct 
from multi-path. While the received waveform may be de-correlated with the transmit waveform, 
the received base and offset signals may remain relatively correlated. Therefore robust rapid 
detection is possible despite an unknown channel, receiver frequency offset, and arrival time. 

The simplest complete STORM system consists of a modulator and demodulator. The modulator 
and demodulator appear similar to time offset and DCSK systems with the addition of time 
scaling. STORM demodulation may also be explained as an extension of time offset 
demodulation. 

The STORM signal design offers a number of attractive features. First, the signal may be 
robustly detected even when the transmit and receive signals are de-correlated provided the base 
and offset signals are distorted similarly. Second, while using a fixed bandwidth the multi-path 
resolution may be varied by changing the scale parameter. Thus the demodulator can 
automatically perform non-coherent stacking of multi-path energy for communications 
applications without using the rake architecture, or it may independently resolve multi-path 
components for locaUzation and radar applications. Finally, processing rates are typically orders 
of magnitude lower than a comparable bandwidth matched filter receiver when the scale 
parameter is known in advance. 

Modulation Description 

STORM is similar to time offset modulation. Time offset modulation is a transmitted reference 
spread spectrum technique that has been used to some degree in RF and fiber optic applications. 
This material is briefly reviewed. Then the modulation and demodulation processes for STORM 
are explained. 

TIME OFFSET MODULATION BACKGROUND 

When the STORM time scale parameter is equal to one the signal becomes similar to time offset 
modulation which is a familiar transmitted reference spread spectrum modulation. Time offset 
modulation creates a base signal and a modulated version of the base signal [3,4,6]. 
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Figure 1 Time Offset Modulation 

The base signal may be wideband short duration, narrow band long duration, or wideband long 
duration. Examples include noise, PN sequences, BPSK, FSK, QAM, and chaotic signals. 
Narrow band short duration signals typically have ambiguous correlation features. 

Time offset modulation information is conveyed by the relative time offset and complex 
amplitude offset between the reference and modulated versions of the base signal source. Figure 
1 contains a modulator schematic. First a base signal is created. Next the base signal is delayed 
in time. Finally the delayed signal is multiplied by the complex amplitude offset and the result is 
summed with the original base signal. The delay and amplitude offset may be a function of the 
data symbol to be transmitted. The transmit signal is, 

x{t) = bit)+aXt-rJ 
when the base signal is b(t) and the amplitude offset is a^, while the applied delay is x^. 

Time offset demodulators estimate the received signal auto-correlation at one or more specified 
lags. This approach has recently been applied to FM-DCSK [4] where the received signal is 
multiplied by a time delayed version of itself Integrating the product signal yields an estimate of 
the receive signal auto-correlation at the chosen delay. A common operator which estimates the 
autocorrelation over the symbol period T is: 

1 
'„+T 

L{to^^)=- \x{ty{t-T)dt 

If the demodulator delay matches the modulator delay, the reference and offset signal will show a 
high degree of correlation when present. A recent publication details this approach using real 
amplitude offsets from {-1, +1} [4] while another paper detailed complex amplitude offsets [3] 
and another applies time hopping delays [6]. When more than one delay is used, multiple time 
offset correlations are required. The largest correlation magnitude typically determines the 
transmitted symbol. 



STORM TRANSMIT SIGNAL DESIGN 

STORM extends transmitted reference modulation using time scaling. STORM modulation data 
is conveyed in the relative time offset, time scale offset, and complex amplitude offset between 
the base and the offset signals. 

As shown in Figure 2, an input data stream creates the information symbol in delay, time scale, 
and amplitude. Delay simply shifts the signal in time. Time scaling dilates or compresses the 
signal in time. Multiplication by the complex amplitude offset determines the phase and 
amplitude difference between the base and offset signals. 
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Figure! STORM Modulator 

Figure 3 illustrates four steps used to create the STORM signal. First the base signal is delayed 
by Tm. Then the delayed base signal is time scaled by Sn,. Finally the time-scaled offset signal is 
multiplied by the complex amplitude offset, a^, and this result is added to the original base signal 
The STORM signal is, 

x{t) = b{t) + aj{s„{t-Tj) 

using the base signal b(t) with applied amplitude, time scale, and delay offsets a^, s^, and t„ 
respectively. 
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Figures STORM Modulation 



The offset signal can also be created by time scaling before applying the delay which changes the 
equations but leads to identical signal qualities. Also, the complex amplitude offset a^ can be a 
function of time in certain instances. This brief introduction only considers the constant value 
case however. 

STORM DEMODULATION 

One STORM demodulation technique requires time scaling the received base signal to provide 
correlation with the received offset signal. Of course scaling the received offset signal to 
correlate with the received base signal is also possible. In Figure 4 the received signal is 
correlated with a delayed and time scaled version of itself When the scale Si matches the 
modulator scale s^, a high degree of correlation is integrated at one or more lags. 

Hypoth. 
Delay 
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Time Scale 

K')- 

I   Delay ^ Scale |-»|  Conj    | KgH Integrate 
& Dump <3; 

Figure 4 STORM Correlation Receiver 

Defining a wideband auto ambiguity estimator [5] for x(t) fi-om Figure 4: 

1 
t„+T 

L{to,Si,r,) = -  \x{ty{s,{t-T,))dt 
T '<. 

When the time scale, s;, equals one this reduces to the previous autocorrelation estimator. The 
beginning of the hypothesized symbol period is to and the hypothesized scale-delay delay pair is 
defined by s; and Xi. One or more estimates of the wideband auto-ambiguity function of x(t) may 
yield an estimate for a^, s^, and x^. One or more of these values contain the modulated 
information. 

STORM Quantified Performance Analysis 

Based on the previous description of the STORM modulation and demodulation processes the 
performance is explained. Robust detection is achieved using relatively offset signals. This 
material is reviewed. Then STORM temporal resolution is derived. The temporal resolution 
drives processing rate requirements and communication synchronization estimate precision. The 
temporal resolution of STORM is compared to matched filtering and time offset modulation. 



Finally multi-path reception is detailed, 
frequency selective channel. 

STORM is compared to matched filtering over a 

Transmitted reference BER performance for the AWGN channel is clearly worse than coherent 
antipodal signaling schemes like DS-CDMA in terms of Ei/No since the reference waveform is 
also corrupted by noise. Stored reference systems, such as DS-CDMA, utilize a noise free 
reference signal at demodulator. Each time the TR symbol period is doubled the performance 
typically improves by 1.5 dB in terms of SNR when the AWGN channel is the dominant 
interference source. Thus TR methods can operate successfiilly at negative SNR's, but TR 
techniques offer poor efficiency in terms of Eb/No when compared to matched filtering for 
AWGN channels. The performance of TR methods has been analyzed for specific 
applications[2,3,4,6]. 

-30 -25 -20 
SNR Per Chip (dB) 

15 

Figure 5 BER Performance for Spreading Ratios 1024,2048, and 32768 

ROBUST DETECTION 

Maximum correlation between the base and offset signal is maintained when each signal is 
distorted identically. For time-variant multi-path channels this condition is approximated when 
the scale is close to one and the delay offset is nearly zero, or equivalently the signals are highly 
overlapped in time and frequency. Therefore the base and offset signals are subject to relatively 
the same distortion. The figures depict exaggerated scales and delay offsets that are often too 
large but provide clear visualization, hi practice, the base and offset signals are typically more 
highly overlapped especially when the symbol period exceeds the channel coherence time. The 
base and offset signals must be offset in time by less than the channel coherence time and offset 
in time scale by less than the channel coherence scale in order to maintain relative correlation 
between the received base and offset signals. 
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Figure 6 Offset Signals Provide Robust Detection 

Figure 6 illustrates robust detection with offset signals. First a pair of relatively offset signals are 
transmitted. The relatively correlated signals are shown in red and blue. The red signal is a copy 
of the blue signal that is delayed and time scaled. The relatively coirelated signal pair propagates 
through the channel but the red and blue signals are distorted identically provided they are offset 
m time by less than the coherence time, in frequency by less than the coherence bandwidth and 
m space by less than the coherence radius. The relatively correlated signals are received but the 
received signals may have extremely weak coirelation with the transmit signals. Reception is still 
robust smce the receive signal shows a high degree of correlation when the received base signal is 
matched to the received offset signal. 

Figure 7 illustrates three overlapped STORM signal examples. The upper signal is a highly 
overlapped STORM signal with an amplitude offset equal to 1. The second example is the same 
signal except the amplitude offset is -1.   hi this case the offset signal is inverted relative to the 
03.SC 
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Figure 7 Visualizing Highly Overlapped STORM Signals 

The third example depicts a STORM signal using a complex amplitude offset. In this case the 
base signal is transmitted orthogonally to the offset signal. TTie signals are shown on orthogonal 
carriers T and 'Q'. In this case the base and offset signals are nearly completely overlapped in 
time and frequency and they are orthogonal. Since the base and offset are separated by a minimal 
amount of time and bandwidth, the received base and offset signals will maintain relative 
correlation after propagating through a rapidly time variant channel with a narrow coherence 
bandwidth. 

STORM'S RAPID SYNCHRONIZATION 

Synchronization enables efficient communication in the context of DSP resources, network 
capacity and often channel state information. Achieving synchronization normally requires the 
reception of a sounding sequence, training sequence, or beacon signal. If the desired signal has 
wide bandwidth and an extremely long period the signal detection process requires extreme 
processing capabilities. On the other hand, a narrowband and/or extremely short period signal is 
too simple to detect, jam, and exploit. STORM provides flexible temporal resolution which 
means wideband signals with long periods may be used for acquisition with completely 
adjustable processing requirements. STORM provides automatic non-coherent multi-path gain 
without estimating individual rake taps. These properties are attractive for HF-ALE radios and 
spread spectrum MANET's which may use conventional modulations in addition to the STORM 
channel sounding sequence or acquisition aid. 

Perfect Synchronization 

Perfect demodulator synchronization requires exact knowledge of the signal arrival. Most 
practical applications cannot assume perfect synchronization but this case is a logical analytical 
starting point. Demodulation without perfect synchronization is developed later. Then, 
demodulator operation during multi-path reception is analyzed using multiple arrival times 
without perfect synchronization. 



Figure 8 illustrates four signal processing steps performed by the demodulator from Figure 4. 
The top axis in Figure 8 depicts the received signal which is comprised of a base signal with 
duration 'L' and an offset signal that is delayed and scaled. The offset signal is scaled by s^ 
resulting in the duration L/Sm. 

The second axis of Figure 8 depicts a delayed version of the received signal. On the third axis the 
demodulator time scales the delayed signal by s^. The scaled signal base duration is now L/s^ 
while the offset signal duration is L/Sml 
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Figure 8 Synchronous Recqjtion 

The demodulator cross-correlates the received signal on the top axis with the signal on the third 
axis. The cross-correlation may be computed at all delays but one peak in the cross-correlation 
energy occurs when the time scaled received base signal aligns with the received offset signal and 
s equals Sj„: 

When the base chosen has wideband auto-ambiguity function side-lobes that are much less than 
the base signal energy: 

The cross correlation between the received signal and the correctly time scaled received signal 
peaks when x = Xn,. The cross-correlation function is shown on the bottom axis of Figure 8 in a 
scaled reference frame. The cross-correlation peak magnitude provides an estimate of a^. 

Asynchronous Reception 

Typically the demodulator will not have perfect prior knowledge of the signal arrival time. 
Figure 9 illustrates the essential processing steps when the signal arrives d seconds late relative to 
the receiver time frame. 



The top axis in Figure 9 is identical to the received signal in Figure 8 except the entire signal is 
delayed by d seconds: 

First the received signal is delayed by x. Next, scaling the delayed signal by 's^' provides the 
signal shown on the third axis of Figure 9. Now the signal is delayed by d/Sn, + T/S„,. The scaled 
base signal duration is L/s^ while the scaled offset signal duration becomes VsJ. Next the 
demodulator cross-correlates the received signal with the delayed and time scaled received signal. 
A peak in the cross-correlation energy results when the delay is equal to x /s™ = Xn/s^ - d(l/sn, -1). 
Since the signal arrives at to but the estimator begins integration d seconds early. In term of the 
wideband auto-ambiguity estimate: 

Perfect synchronization placed the cross-correlation peak at x„ while imperfect synchronization 
places the cross-correlation peak at Xn, - (l/s„, - l)d. When s„ is close to one, d has very little 
impact. When d is quite large the signal is still readily detected at a lag adjacent to X:„ provided 
that a significant portion of the received signal energy is contained in the interval from to + d to to 
+ d + T for successful detection. 
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Figure 9 Unsynchronized Demodulation 

Time scaling controls the effect of uncertain delay. Therefore the receiver processing rate is also 
effected by varying the time scale. Also, the delay spread over which multi-path energy is 
combined is also impacted by the time scale since multi-path reception can be described as 
multiple signal amvals at uncertain delays. The receiver processing rate is also reduced by time 
scaling. The remaining sections explain processing rate and multi-path energy combination 
features in detail. 



STORM'S REDUCED PROCESSING RATE 

The STORM demodulator architecture provides instant synchronization for reliable signal 
detections. A synchronization error occurs when the demodulator begins processing the received 
signal at a time other than the exact time of arrival. Synchronization errors simply move the 
cross-correlation peak by (l/s„ - l)d. The impact of a misaligned receiver hypothesis is reduced 
by (l/s^- 1) which is a function of time scaling. More significant misalignment moves the peak 
cross correlation energy to an adjacent delay. Only (l/s„ - 1)L time-scaled cross-correlation lags 
must be computed each symbol duration to provide robust detection. When the scale is 0 999 the 
processing is about 1000 times less than matched filtering since approximately one cross- 
correlation must be computed for every one thousand received independent samples. 

Comparing time resolution of identical duration (D) and bandwidth (BW) signals: 

Matched Filter 

Conventional TR 

Figure 10 Coii5)arison of Time Resolution and Processing Rates 

Figure 10 compares the temporal resolution of conventional transmitted reference, matched 
filtermg, and STORM for signals with identical duration and bandwidth. Conventional TR 
provides resolution on the order of the signal duration. Therefore conventional TR provides little 
resolution and enables low processing rates. At the other extreme matched filtering temporal 
resolution is approximately the inverse signal bandwidth or chip period. Matched filtering 
provides high temporal resolution and therefore acquisition can be computationally intensive 
STORM temporal resolution is a function of time scale. Setting the scale close to one approach 
conventional TR with low processing rate requirements and low temporal resolution. Moving the 
time scale farther fi-om one increases the temporal resolution and increases the processing 
requirements until the temporal resolution approaches matched filtering. 

STORM enables highly flexible temporal resolution and processing rate requirements without 
changing the signal bandwidth. Therefore wideband signals may be designed for any moderate 
temporal resolution and processing rate that is desired. 



MULTI-PATH RECEPTION 

The previous section explained how STORM can trade-off temporal resolution and processing 
rate by changing the applied time scale. Now, Figure 11 illustrates the muhi-path combination as 
a function of time scale. The time scale equals 0.9 in the top of this figure. This time scale 
independently resolves four paths at four distinct delays. Increasing the time scale to 0.99 
produces the middle axis of Figure 11. In this case the energy from three paths with similar 
delays is stacked automatically while the fourth path remains distinct. Note that energy stacks 
and the relative phase of each path is irrelevant which will be derived subsequently. Finally the 
scale is increased to 0.999 which stacks even more multi-path energy. In this case all four paths 
are combined. Stacking energy from different multi-path delays is useful for communication 
applications. The individual delays and their relationship may be unknown yet the power is 
stacked. Increasing the time scale toward one decreases the temporal resolution, decreases the 
processing rate, and automatically stacks multi-path energy over increasing delay spreads. 

Scale = 0.9 
Power 

Delay 

Scale = 0.99 P"^^"" 

Scale = 0.999 

Time 

Figure 11 Flexible Multi-path Energy Stacking 

Next the analytical basis for Figure 11 is examined. Multi-path propagation provides multiple 
signal arrival times. The simplest case involves two paths. Figure 11 illustrates the arrival of one 
STORM signal with complex path amplitude Ai which arrives dj after the receiver expects the 
signal. A second STORM signal from another propagation path with complex amphtude A2 
arrives dz after the receiver expects the signal. Therefore the delay between the two paths must 
be d2-di. 

Using the result from Figure 9, tiie first path causes a cross-correlation peak at x^Sn, - di(l/Sn, - 
1). Equivalently, the second propagation path causes a cross-correlation peak at ijsm - daCl/s^ - 
1). The difference between these peaks is |(l/sni - l)(d2 - di)|. The width of each peak is 
approximately the offset signal inverse bandwidth, see Figure 12. 
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Figure 12 Multi-path Reception 

When |(l/s™ - l)(d2 - d,)| is greater than the offset signal inverse bandwidth, distinct peaks for 
each path exist m the cross-correlation function. Alternatively, when |(l/s„, - l)(d2 - d,)| is less 
Aan the offset signal inverse bandwidth the cross-correlation energy from each path is stacked 
rhe energy stacks since the correlation peaks are proportional to the magnitude squared of the 
respective path complex amplitude. The magnitude squared of a complex number is always 
positive and real. 

hi general, the STORM signal x(t) received over N paths each with complex magnitude A; and 
delay dj is y(t): 

The wideband auto-ambiguity estimate for y(t), 

t,     '=" 7=1 

The inter-path correlations are normally small when b(t) and s^ are chosen so that the auto- 
ambiguity function side lobes are small, thus: 

which is the summation of WBAAF's for each resolvable path: 

1=1 

Substituting: 

results in the WBAAF for the multi-path signal, 
^ N 

'l>yyy^o,Sm'^h^Y\4'L[tXsS^-T„+d{j—\ 
;=i 

Thus the demodulator non-coherently combines, or rakes, the multi-path energy from the i* and 
j   path when: 
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When this magnitude is greater than the offset signal inverse bandwidth the detected lag is 
resolved in an adjacent delay bin. 

Matched Filter Receiver 

The matched filter receiver is used in the optimum receiver for the AWGN channel Multi-path 
channels are either flat fading or frequency selective. Flat fading channels are normally 
narrowband while WLAN applications utilize broadband channels that are frequency selective 
[7]. Multi-path propagation cannot improve matched filter performance since the received signal 
no longer matches the transmitted signal. 

Provided the signal is received with average power |A,f and ||c||^ is the spreading ratio or norm of 
the matched filter vector with elements from {-1,+!}, the matched filter output SNR of an 
antipodal bmary transmission over the AWGN channel is derived in [8]- 

r c\ 

N 
M\\\ 2'! Il2 

\'^ JMF N 

If received signal y(t) arrives over Np paths and the receiver introduces AWGN: 

^N. 

y{th  T^Ae'^'xit-T,) +n{t) 
k=\ 

Each path has a random magnitude and random phase which is uniformly distributed on [0 In) 
Usmg a spread spectrum technique each of the Np paths may be resolved provided two paths 
never amve within one chip period. When this does occur a particular delay will experience 
tadmg. Assummg resolvable paths simplifies the following equations and provides a usefiil 
performance upper bound. This can be used to demonstrate that resolvable multi-path 
propagation degrades matched filter performance but improves STORM performance. 

The performance in this multi-path channel may be computed assuming that the interference from 
each path is Gaussian [9]. First, the signal to interference ratio is the ratio of the power received 
over one path, |Ai| , to the power of the Np-1 other received paths plus the power of AWGN N at 
the receiver: '    ' 

(   S   ^ 

K 

unicir 

i=2 

where ||c|| is the norm of the matched filter response vector and A, is the average received 
amplitude per path. Increasing the number of resolvable multi-paths degrades performance since 
the additional power adds to the noise power in the denominator. Of course more sophisticated 
demodulators exist such as coherent or non-coherent rake demodulators [10] Rake 
demodulators require more computation and the demodulator must correctly hypothesize the 



proper waveform signature and each correct multi-path delay to sub-chip accuracy.   This adds 
cost and complexity which becomes even worse if the multi-path is time variant. 

STORM Demodulator 

The STORM demodulator follows the performance of transmitted reference systems for the 
AWGN channel is derived in [8]: 

KNJJJ,     N(N + 2\\cf) 

Multi-path propagation creates the signal c' which is the convolution of the transmit waveform 
with the channel impulse response. The STORM correlator output SNR can be defined for a 
multi-path channel: 

U + /Jr.     N[N + 2\\cf] 
Applying the multi-path channel model for c': 

When N is large: 

N + I)TR 
N ^+2iHri:Ki 

2'^r   . i2 

N + I 

Il4| 
/TR N' 

Large Noise Case 

When N is small: 

\N + I)^^ 

't\4 
;=1 

N 
Small Noise Case 

In each case the multi-path energy adds in the numerator. Therefore, the STORM correlation 
output SNR is proportional to the sum of received resolvable multi-path energy. Resolvable 
multi-path improves STORM performance. Note that the border between the small noise and 
large noise case is a function of the spreading ratio and the noise power. 

Comparing STORM and Matched Filtering Output SNR 

While the matched filter can achieve optimum performance for an AWGN channel, the STORM 
correlator compares well when the channel provides multi-path propagation. First,' the STORM 
correlator output SNR may be expressed in terms of the matched filter output as derived in [8]: 



f c^ 

N TR N J MF 2 + -^ 

Clearly the STORM correlator output SNR will be worse than a matched filter for the AWGN 
channel. This is expected since matched filtering is optimal for the AWGN channel. Most 
practical wireless applications utilize multi-path channels. 

A^ + / 

In the presence of multi-path there are two cases. If N^«2Ni|c'|p, then: 
/     o    A    / c ^      ^P 

2J\  i\ Small Noise Case 
'MF 1=1 

Therefore the STORM correlator output SNR improves by the sum of multi-path magnitudes 
squared compared to matched filtering in the presence of only AWGN. When N^ is much greater 
than the total multi-path energy times the norm of c, then: 

N + I) TR MF\ i=\ 

Large Noise Case 

In this case the STORM correlator output signal to noise ratio is still improved by adding multi- 
path energy. However, the output SNR of the STORM correlator is now proportional to the 
matched filter output SNR squared. Since this is proportional to the matched filter output SNR 
squared, increasing the spreading ratio enables operation at increasingly negative input SNR's 
which illustrates process gain. Increasing the spreading ratio directly increases the norm of c. 
When received noise power dominates received multi-path energy the channel is approximately 
AWGN so the matched filter delivers much higher output SNR than the STORM correlation. 

Multi-path Summary 

STORM combines multi-path energy to improve detection performance. Conventional matched 
filtering typically acquires each path individually, although the paths maybe combined after 
acquisition. STORM may combine multi-path energy over a short delay spread when the scale is 
0.99 to 0.9 or it can combine multi-path energy over a substantially longer delay spread when the 
scale is close to one. Frequency selective multi-path improves the STORM correlator output 
SNR whereas the matched filter output SNR includes frequency selective multi-path components 
in the noise energy. 

Applications 

STORM could overlay DS-CDMA signal to simplify acquisition. This could be applied in a DS- 
CDMA modem, MANET application, or HF ALE system. 

STORM Assisted Communication Acquisition 

STORM could be used to assist the acquisition of conventional DS-CDMA signals. Figure 10 
illustrated that DS-CDMA signals have very high temporal resolution since the inverse bandwidth 
is very small. Consequentiy the matched filter receiver must hypothesize PN sequence alignment 
very often to acquire this signal. Figure 10 also shows the variable temporal resolution STORM 



charactenstic. Choosing a scale around 0.99 provides temporal resolution of about one hundred 
chips. In this case the STORM detector only makes one hypothesis for every one hundred chip 
penods whereas the matched filter must make at least one hundred hypotheses for every one 
hundred chip periods. 

High Rate Data 

Transmit PN 
Generator 

DS-CDIVIA 
Modulator 

Code Phase Info. 

TX 

Encryption <J^ 
STORM 

Modulator 

DS-CDMA 
Demodulator 

i; 
Receive PN 
Generator 
 J  

-► High Rate Data 

Acquisition 
Feedback 

Code Phase 
Est. 

Decryption 

H     STORM      I 
^^DemodulatojJ 

Figure 13 STORM Assisted DS-CDMA Acquisition 

It may be advantageous to overlay a STORM signal on a DS-CDMA transmission to assist 
acquisition, see Figure 13. Consider an example case where a BPSK DS-CDMA signal is the 
STORM base signal. If the receiver magically hypothesizes the correct PN code phase, both the 
DS-CDMA signal and the STORM signal are detected. The top of Figure 14 illustrates the 
traramtted data in blue and the depread receive data in red. There is an excellent match, so the 
BER IS low. The bottom of Figure 14 shows a simultaneous STORM detection on this signal 
with 0.99 as the time scale. The peak occurs at x = 10. 
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Figure 14 Simultaneous Detections with Perfect Synchronization 

Since inany receivers lack prior precision synchronization information, typically the first 
hypothesized PN phase will not match the received signal. In Figure 15 the transmit data is once 
again shown in blue while the despread receive data is shown in red. The receive data is just 
noise since the receiver PN sequence is not aligned with the received signal. No additional 
information is provided so the receiver searches for a new alignment. This blind search could be 
repeated millions to billions of times. Fortunately embedding the STORM signal in this 
transmission provides additional information to reduce the search space substantially. The 
bottom of Figure 15 shows a simultaneous STORM detection on the received signal with time 
scale equal to 0.99 at x = 9. Given this scale and delay detection and prior information about 
codebook used to encrypt code phase onto the STORM signal this detection instructs the receiver 
to advance the PN search approximately one hundred chips. 
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Figure IS STORM Detection with 100 Chip Misalignment 

In this application STORM provides a method to acquire the DS-CDMA signal at a much lower 
processing rate. Lower processing rates provide less temporal resolution and the system designer 
can elect to choose the time scale that provides a small but computationally manageable search 
space. Finally, resolvable multi-path energy is discovered in separate applications of the matched 
filter. Normally rake receivers are used to combine energy fi-om resolvable multi-path, but each 
path is usually acquired individually. STORM detection non-coherently rakes multi-path energy 
which means acquisition can process all received energy and maintain a comparatively low 
processing rate. 



CONCLUSION 

Scale Time Offset Robust Modulation is an extension of TR spread spectrum modulation 
techniques. STORM may utilize a wide variety of base signals including random noise and 
conventional communication signals. STORM provides instant synchronization communications 
automatic selectable mult-path energy combination, and processing rates which are often orders 
of magnitude lower than matched filtering when the time scale parameter is known in advance 
Ihis IS delivered at the expense of Eb/No performance. Since STORM may be used with a 
c?^5^^°^-^^^f "'^^^^ *^ technique may be applied as a robust modulation technique or the 
S1ORM signal may be used to acquire synchronization on a higher data rate signal. 

This foundational analysis indicates that STORM could find useful applications in DS-CDMA or 
other systems that require simplified acquisition. STORM can be used as a modulation technique 
tor robust low rate communication over radio channels with little coherence, or it could overlay a 
high rate signal to assist with recognition and synchronization. 
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