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Abstract: An electronic warfare spectrum analyzer 
receiver with large instantaneous bandwidth for continuous 
persistent monitoring of the radio frequency spectrum and 
cueing of electronic systems is presented.  The photonic 
receiver technology relies on a spatial-spectral (S2) 
holographic crystal recording device that functions as an 
extreme bandwidth analyzer and/or correlator (EBAC).  
The S2 EBAC technology operates over instantaneous 
bandwidths (IBW) of >20 GHz now, and can be extended 
to >100 GHz, and achieves resolution bandwidths (RBW) 
from 10 kHz-10 MHz with full frequency measurement 
frame rates (FR) of 0.1-1,000 kHz.  A comparison to the 
presently available all-digital alternatives shows vast 
advantages of the S2 EBAC approach in terms of the 
metrics of cost, size, weight, and power (CSWaP) and 
fidelity based on two-tone spur free dynamic range. 
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Introduction 
The proliferation of radar and communication systems 
operating over wider spectral bands of the electromagnetic 
spectrum (EMS) creates significant challenges for present 
and future military and commercial EMS operations.  
Radar, tracking, and communication systems now operate 
over a spectrum extending beyond 100 GHz in carrier 
frequency, and are greatly increasing in their spectral 
bandwidth, flexibility, and adaptability.  Therefore an 
emerging requirement for electronic support (ES) and 
signal intelligence (SIGINT) functions is the ability to 
monitor and analyze, in real-time, the energy being 
received at an antenna across an extremely broad 
bandwidths (>100 GHz) without prior knowledge of the 
signals, their carrier frequency, bandwidth, frequency 
hopping extent, or modulation format. SIGINT functions 
further include identification of emitters based on their 
dynamic spectral signature as well as other parameters of 
interest to cue in real time (10’s of μs to ms latency) other 
measurement systems and electronic responses such as 
threat assessment and countermeasure deployment [1].  
Additionally, sufficient SFDR must be maintained to 
ensure detection of small signals among possibly strong 
unknown signals.  

S2 System Attributes 
The S2 system is a photonic based RF spectral receiver 
whose basic output is a high fidelity digitized spectrum 

shown in Figure 1, representing the ‘result’ of an analog 
signal processing function.  This digital output offers a 
means to first measure the spectrum, and then to sort, 
monitor, and track RF signals of interest (SOIs) over a wide 
bandwidth and in real time. The S2 EBAC provides 
actionable data with a low latency that can be stored or 
analyzed with or without a human-in-the-loop.   

 
Figure 1. 20 GHz IBW spectrum analysis at 200M freq/s 
showing 2 kHz frame rate with 0.2 MHz RBW.   

Spatial-spectral holography (S2) describes the underlying 
technology, which utilizes a cryogenically cooled crystal as 
a spectral domain analog pre-processor with the ability to 
perform spectrum analysis and coherent temporal-spectral 
correlations on modulated laser light representing the RF 
SOIs.  S2 attributes include: 

 Demonstrated ability to continuously monitor spectrum 
over 20 GHz (today) and  scalability to 200 GHz  in the 
future. 

 100% probability-of-intercept monitoring of all 
frequencies, not a frequency scanning or stepped fast 
Fourier transform (FFT) system 

 Resolution bandwidth (RBW) from 10 kHz to 10 MHz 

 Frame rates (FR) variable from 100 Hz to 1,000 kHz 

 High fidelity two-tone spur free dynamic range (SFDR) 
over the full bandwidth 

o Presently >56 dB over 10 GHz, scaling upwards to 
>60 dB 

o Monitoring of a small tone in the presence of a large 
tone with SFDR>70 dB  

 Adaptable, microsecond reconfiguration of monitoring 
bandwidth, center frequency, and update rate. 
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 Allows photonic links from antenna to remoted receiver, 
using a simple, small RF-to-light phase-only modulator at 
the antenna and exhibits benefits including:  

o 1) No high speed digitizers or high-bandwidth photo-
detectors, as in other photonic links   

o 2) less size, weight and power (SWaP) is required at the 
antenna 

o 3) reduced electromagnetic interference (EMI), or 

o 4) enabling cut and run operations, where only the low 
cost antenna is lost   

Figure 2 shows the SFDR measurements for the S2 system, 
in terms of both single tone and two tone response.  In both 
cases, the S2 system first order response compresses as a 
result of limited absorption in the crystal an effect that does 
not induce third order non-linearities.  The spurs that are 
generated are mainly third order terms arising from the 
electro-optical modulator. Techniques are available to reduce 
this by linearizing the modulators.  The compression thus 
limits the knowledge of the absolute strength of large signals, 
but still allows observation of small signals in the presence of 
large signals.  For the S2 case, we measure two-tone SFDR 
by the power ratio of the maximum spurious free two tone 
input signal to the minimum detectable signal.  To date the 
S2SA has achieved a 20 GHz IBW with a >56 dB two tone 
SFDR, and 5 GHz IBW with a 63 dB SFDR (not shown).  

For single tone SFDR, the measurement is to input a large 
tone that varies in strength, and a small fixed tone.  The 
single tone response is >70 dB in power variation before the 
small tone saturates and rolls over (again from the EOPM).  
The progress in system SFDR over time is also shown in 
Figure 2, with a projection to >70 dB in the next 3 years. 

 
Spectral Monitoring Cueing Receiver Overview 
Monitoring systems based on spectrum analysis (SA) are 
typically characterized by a relatively few system 
parameters, including instantaneous bandwidth (IBW), 
resolution bandwidth (RBW), frame rate (FR), and spur-free 
dynamic range (SFDR).  The ratio n = IBW / RBW defines 
the number of resolvable frequencies per frame, which along 
with FR gives a combined rate of frequency measurements 
per second, N= n x FR.   A high number of frequency 
measurements per second combined with a rapid SIGINT 
tool is the foundation for a sound ES system.   Additionally, 
the system must have a sufficiently high SFDR to ensure that 
small signals of interest (SOI) are not mistaken for false 
signals (spurs) or vice versa. 

The S2 EBAC enables this wideband, high resolution, and 
high measurement rate continuous spectrum analysis and 
monitoring.  

S2 Technology Performance Specifications over 2000-2015, 
Demonstrated (solid) and Projected (open)              
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Figure 2. Two-tone and single-tone SFDR of the S2 technology, that presently shows values of >56 dB for two tone, and 

>70 dB for a small tone in the presence of a large single tone, each measured over 10-20 GHz.  The goal is to increase the 
two tone SFDR to the value of 70 dB.  The two-tone SFDR has been steadily improving over the past decade. 
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In many cases, one may desire finer resolution on spectral 
features or to demodulate particular signals.  In these cases, 
the S2 EBAC can be used as a cueing receiver identifying 
signals of interest over a large bandwidth and steering a 
narrowband receiver.  

The S2 output presently produces a digital data stream of 
500 MBytes/second per antenna, based on our use of a 250 
MSPS digitizer with 16 bits.  The digital signals out of the 
S2 device can be streamed to disk continuously (e.g., at 500 
MBytes/second per channel) and/or also passed to a real 
time digital signal assessment system (DSAS).  The DSAS 
has the dual modality of cueing narrowband digital receiver 
assets, and/or to control the S2 system itself which has an 
agile control mode that can be tune to any frequency 
portion of the RF spectrum, with any bandwidth, and any 
resolution [U.S. Patent application 13/169,482].  Thus, this 
feedback control system allows the S2 system to change the 
output to adaptively match to the signals of interest, 
perhaps with a faster FR (with higher RBW for a given 
IBW) or for a finer RBW of a narrower spectral region.  

Limitations of Digital Spectral Monitoring  
Detection of RF energy over wide instantaneous 
bandwidths >>20 GHz, is possible using analog-to-digital 
converter (ADC) electronics, but continuous spectral 
monitoring with high fidelity presents significant technical 
challenges.  The brute force solution, a full digital system 
comprised of a wideband digitizer followed by massive 
blocks of digital signal processing hardware (FPGA’s or 
banks of computers), is not practical or cost effective.  
Wideband digitizers exist, but generally suffer from A) 
limited two-tone SFDR performance, while B) creating 
large amounts of digital data needing to be channelized, 
demodulated, detected, analyzed, identified and/or 
recorded.  For real-time analysis of such wideband digital 
data, such as system would have C) very large CSWaP.  As 
an example, on the order of 21 computers based on 32 
Nvidia Tesla C2050 cards would presently be required per 
antenna feed to create continuous spectrograms equivalent 
to the S2 system.  Our estimates for the all-digital solution 
include: a size of 64U in 19 inch rack mounts (33 inches 
deep), a weight of 620 kg, and a power draw of >10.7 kW.  
The cost estimates for the all-digital system are tied to 
vendor quotes for parts, and do not accurately reflect the 
non-recurring engineering that would be required, and are 
compared to the S2 system below on the same basis. 

Comparison of S2 System to All-Digital in CSWaP 
and Performance 
For the function of spectrum analysis, the S2 solution 
offered here provides orders of magnitude improvement in 
fidelity, see Figure 3.  Note that the S2 system does not 
digitize the signals of interest, but natively captures the 
energy in the Fourier domain and integrates physically.  
The S2 system analog processing is then compared to the 
equivalent digital floating point operations per second 

(FLOPS) that would be required to achieve a similar result.  
The all-digital real-time SA requires a wideband digitizer, 
followed by a de-multiplexer to distribute the data, buffer 
memory, a fast processing system to calculate the 
spectrum, and a spectral averaging system to reduce the 
data rate.  For two tone SFDR over 20 GHz, the S2 solution 
has 100 times higher fidelity (~36 dB SFDR digital versus 
>56 dB SFDR S2).   

 
Figure 3. The S2 EBAC exceeds the performance of 
electronic approaches of spectral analysis by two orders of 
magnitude.  This provides a significant opportunity for the 
disruption of the status quo by the S2 EBAC. 

Figure 5 compares the CSWaP of the two systems.  The 
CSWaP of the S2 and digital solution are compared as 
follows.  The digital solution with one antenna feed is 64U, 
620 kg, 10,710 W and these values scale linearly with N 
parallel channels.  For the S2 system, the single channel 
size is 32U, plus an additional 6U per antenna feed; the 
weight is 360 kg plus an additional 80 kg per antenna feed; 
the power is 2,300 W plus an additional 480 W per antenna 
feed.  For the cost estimates, we assume for this analysis 
that the single channel digital and S2 systems having equal 
cost (based on vendor estimates of cost of goods, in parts 
only).  The chart shows advantages to the S2 system for all 
metrics, with the biggest advantage in power.  The S2 
system advantage scales well for multiple channels as it 
does not require duplication of many of the hardware 
components for parallel systems.   

 
Figure 4 Comparison of energy efficiency of digital 
computing system to that of the S2 EBAC spectrum 
analysis.  The S2 EBAC provides a large efficiency 
advantage over digital systems performing FFTs with 
integration, and approaches the equivalent of 10 Giga-Ops 
per second per Watt for 10 channels in parallel. 
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Figure 5 Left, Comparison in CSWaP of S2 system to wideband digital, using conservative estimates, with advantages in all 
metrics. Right, a figure of merit (FOM) advantage graph versus number of parallel units using the ratio of Eq. (1).  

We define a figure of merit (FOM) as shown in Eq. (1), 
which takes each factor combined to show the net 
advantage of the S2 system to the wideband digital system.  
Figure 5 shows this FOM exceeding 200,000 for 10 
antennas in parallel over 20 GHz of bandwidth. 

(1) 
Further, consider the power efficiency of digital computing 
in general, specified in a general metric of computational 
efficiency, showing the GFLOPS achieved for a given 
input power in Watts.  Such metrics are tracked on a variety 
of computing challenges, where the most readily accessible 
challenge metrics are on the LINPACK benchmark, in 
solving large systems of linear equations [5].  Most digital 
computing resources produce a value <1 GFLOPS/Watt for 
LINPACK.  Figure 4 shows the GFLOPS/Watt 
benchmarks for several computing resources, including 
Nvidia GPUs, the Sony PlayStation, and all the Green500 
computers.  However, FFT computing can be much more 
challenging as FFTs are highly dependent on 
communication latency and bandwidth, so that the 
performance of FFTs does not typically saturate the 
computation throughput, and is lower than LINPACK.    

The most applicable comparison is for the digital FFT 
solution described above, which is shown a single channel 
and scaling up to 10 parallel channels, each having ~10 kW 
of wall power and each achieving the 4,850 GFLOPS as 
required, or thus having an efficiency of ~0.4 
GFLOPS/Watt.  It is of note that stacking 10 of these 
systems together approaches the cloud of supercomputers 
as shown in the 500 points of the Green500.  Figure 4 
shows that the S2 EBAC scales well with parallel systems.  
With one channel, the S2 EBAC system is on par with the 
most power efficient LINPACK benchmark 
supercomputers at ~2 GFLOPS/Watt.  In scaling to 10 
channels, the S2 EBAC approaches an effective FFT 
computation rate of ~10 GFLOPS/Watt.  This graph shows 
only the power input to the computational system.  Thus, 
the S2 EBAC’s analog wideband Fourier Transform 
processing is a highly efficient computational engine. The 
power requirements are such that a variety of deployment 
scenarios can be considered, with 10 channels power draw 

of <5 kW could be employed, where in comparison an all-
digital system of 100 kW would be prohibitive.  

Conclusions  
The S2 spectrum analyzer system provides an emerging ES 
and SIGINT technology that offers spectrum analysis over 
20 GHz today, with significant advantages over wideband 
digital systems.  The S2 technology is poised to scale to 
bandwidths of >100 GHz with enabling components 
including a newly developed material, and to higher SFDR 
with continued R&D efforts.  When comparing to future 
ES systems over 100 GHz, this solution offers a rapid 
cueing receiver, and also has the extended scalability to 
provide other analog computing solutions of direction 
finding, matched filtering, and true time delay. 
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