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Outline
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Emerging Technologies & Applications

Adaptive Waveform SAM Processing
— Agility vs Adaptivity
— Functional vs Channel Adaptivity
Channel-Adaptive Waveform Theory
Applications

Implementation Issues

Future



A Confluence of Events
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Functional versus Channel Adaptivity SI‘U

Special Projects Office

Functional Adaptivity:

* Sensor can perform more than one function due to ability
to transmit a diverse set of waveforms

— Example: Search, Track, ID & Countermeasure
- Nature’s embodiment: The Bat!

— Example: Radar & Comms

* Rule-Base Adaptivity

— Rules used to select waveforms that are pre-computed

Channel Adaptivity

« Sensor can create “waveforms-on-the-fly” to adapt to
varying “channel” (target, colored noise, etc.)
— Much greater real-time computation burden



Basic Waveform Design
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hy (1)

Yo T e

s(t) h, (t)
“Channel”
h () N (1)
S(t) Target y(t) I’(t) Receiver g (t)
E Impulse o2 ) » Impulse
Transmit | | Response | S(t)=*h,(t) ‘Received | Response
Waveform “Echo” . Signal t=T,

Choose both transmit waveform s(t), and receiver hg(t) to
maximize SINR (for example)



Additive Colored Noise Case SI-O
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 Additive colored noise (ACN) case

s(t) Target y(t) r(t) | Receiver g(t)
» Impulse > » Impulse
Transmit Response s(t) = hy (t) Received | Response t=T
Waveform “Echo” Signal — 1t
h: (t)

n(t) —» S,, (o) (w.s.s.and rational)

» Step 1: Optimal receiver (in a max SINR sense), consists of
a “whitening” filter followed by a matched filter (matched to

the “whitened” target echo response)
— Existence of causal and stable whitening filter guaranteed due to

w.s.s. and rationality assumption
— Van Trees, Det., Est. and Mod. Theory, I, 1968




ACN Case (cont.)
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n, () h,(t) hye (£)
sl t r(t
L»» |;Tor3|2te - . »| Whitening Matched g(t)
Transmit | Response [S(U)*h (0 F oo aived Filter Filter T
Waveform “Echo” Signal .
n(t) = Sy, (@) Maximize Energy in
“Whitened” Target Echo
h (£) #h, (1) YO0
s() W{‘;ﬁ;@fd Y. (t) = s(t) *hy (t) h, (t)
: | Impulse
V'\I'/;a\l/r;cr)nr& Response “Whitened Echo”

* Corresponding output SINR:

SINR, =JATTJ [y @) dt = f(5(2)

Choose s(t) to maximize SINR, (variational calculus)



ACN Case (cont.)
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 Step 2: Choose s(t) to maximize SINR,

max =Aj| W )| dt
sy  %wr

. T 2
subjectto : s(t) € [0, T ], and [|s(t)|"dt < o
0
T; ) T; ) Ts . .
[y 0f dt= Jls)hofat = | (s(t) *h®)(s™(@®) = h*(t) it
| T; T | T . .
= I(JS(Tl)h(t—Tl)dﬁj(fS (72)h (t—Tz)dfzjdt

T

S(Tl)js (Tz)f h(t—7)h (t—7,)dtdr, dr

S(Tl).[s (Tz)K (71,7)d7,d 7y

oO—-1 o—-

ATy

where h(t) = he (t) %h,, (1), and K (z;,7,) = jh (t—z)h(t—7,)dt



ACN Case (cont.) S['D
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e Step 2: Cont.
T T

max [s(zy)[s (z,)K (zy,7,)dz, dzy
s() o 0

Applying Schwarz’s inequality yields:
T
A5(71) = [ s(72)K(7y,7,)d 7,
0
» Optimal transmit waveform must satisfy a homogeneous Fredholm

integral of the 2nd kind with generally Hermitian p.d. kernel (i.e.,
“‘eigensystem”)

T
;tmaxsopt (t)=] Sopt (7)K(t—-7)dz
0

Note: Sep < Sept (@) # Hy, (@) (Matched Spectrum Solution)



Multipath Interference
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Multipath
Channel




Interference Multipath Example
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* 9.6 dB gain over LFM waveform and MF

— 8.6 dB matching gain on transmit
— ~1.0 dB gain on receive (matched filter)




Other Colored Noise Examples S[‘O
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« “Narrowband” EM Interference (EMI)

— Examples of optimal waveform design
— Max SINR, Target ID, Colored Noise

« Wideband Spectral Optimization

— Avoid interfering with other spectral bands yet achieve
relatively large bandwidths

« Channel Pre-Equalization

— Tx/Rx passband filter response matching
- Example: NLFM

— Atmospheric effects
- Particularly in OTH and/or ducting environment




Discrete Case
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. . . C ite Ch I + whitening filt
° DISCI’ete-tIme eqU|Va|ent: / omposite Channel (target + whitening filter)

/'y: HS\

Output (echo) Input (radar pulse)

(HH)s=As (Optimal Pulse)

where for the causal case

'h[0] 0 ... O]
o h[] h[0] ... 0
“|h[2] hpg ... ©

and where for ACN case

h[n]= h[n]*h,[n]

H = H H,

W

seC", yeC", HeC™™



Discrete MIMO Case
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_Sl_ y,
MIl: s= 5.2 c C MMz M, MO y = y:2 e C NNz Ny
S, | Yk _

_Hll H12 HlL_
H = Hy, Hyp .o Hy Very High

Dimensionality!

Waveform-Optimized MIMO

WO-MIMO:  [(HH)s=1s
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« Wars increasingly fought in urban
domain, but Warfighter has no ISR
capability inside of buildings

— We do not know where to search, or
where threatening personnel might be

— We may not want to search some
buildings (e.g., churches, mosques)

* Need building penetration sensing to
own the interior urban space

— Find personnel inside of buildings

— Provide building layouts (walls, rooms,
stairs, doorways)

— Identify weapons caches, shielded
rooms, etc.




Multi-Sensor CONOPS

Spatial Diversity Can Increase Information Content

PO
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Angular diversity provides unique reflections from

specular surfaces

Spatial coverage can be accomplished with receiver

and/or transmitter diversity
Various possible CONOPS:

— Hard: Fixed sensors (< 6 sensors around a building)
— Harder: Drive-by (vehicle mounted for IPB of broad
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— Hardest: Low-altitude fly-by (UAV-mounted)
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The Need for Reduced-Rank WO-MIMO:
Adaptive WO-MIMO SI_O
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* The real power of waveform diversity is ADAPTIVE
waveform diversity!

— Real-time environmental awareness possible via DARPA
KASSPER architecture
« Adaptive waveform optimization can quickly lead to an
enormous real-time computing burden
— Above and beyond adaptive receiver/antenna requirements
— ALL real-world waveforms are CONSTRAINED

- Generally highly nonlinear optimization problem

« Some thoughts:

— KASSPER Architecture «Channel

— Salient Channel Model (SCM)

— Waveform Projection /

— SWORD (Jian Li et al) (HH)s = As
—

Waveform Design



Salient Channel Model (SCM) SI‘D
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« Fact: Large WO-MIMO gains come from significant
deviations from all-pass transfer function

« Large deviations are generally easier to predict than
small ones

— Examples: Large discrete scatterers (clutter, target);

Resonances; Significant topological features (e.g.,
mountains); etc.

« SCM solution: “Don’t sweat the small stuff!”
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Constrained Optimization
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* In general:

max s'(HH)s SINR Gain
S
subject to:
f(s):q Equality
g(s) <r Inequality
HSH <00 Finite Norm

* Nonlinear multidimensional functional optimization
— Generally not practical for real-time implementation



Properties of Channel Kernel
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» Under fairly general conditions:

(H H )ui = /luui

where:

!/
uiu; = 9o,

Azl =2...24,>0 (assumeP.D)

thus N

where



Properties of Channel Kernel (cont.)

Special Projects Office

» General notional eigenvalue distribution:

Opti f
Eigenvalue I ;/ ptimum waveform

(SINR) Next best
(Y ;

L.

1 N
Eigenvalue Index

A2A,>.. 2 >0



Observations S[‘O
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* Obs #1: Matched waveform gains only possible if
eigenvalue spread is “large”
— Significant deviation from “all pass” channel required to make
waveform optimization worthwhile

— Potential for real-time gains can be deduced via offline modeling
and simulation

- Determine a priori whether matched waveform processing is worth it for a
given application

« Obs #2: Let w be a waveform that meets constraints:
— Then:

SINR,, < SINR,,

— Thus, one must be willing to lose SINR to achieve waveform
constraints



Observations (cont.) SI‘D
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« Obs #3: In practice there is a minimal acceptable
constrained matching gain (SINR

cmin)

Opti f
Eigenvalue I ; ptimum waveform

(SINR) Next best
® ;

SINR = f

cmin

Eigenvalue Index

* Obs #4: If the subspace spanned by the constrained set
does not have a significant projection onto “matched”
subspace”, stick with conventional waveform




Observations (cont.) S[‘D
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* Obs #5: “Matched Subspace”

Qs ={U;,U,,...u, 14 2SINR ., Vi <k}

cmin !

Optimum waveform
Eigenvalue I;’ P

(SINR) Next best
° ;'

SINR,,, - frmm

cmin

Eigenvalue Index

* Obs #6: If constrained optimization is confined to Qg
then solution is guaranteed to meet minimal SINR
constraint




Projection onto Matched-Subspace
(POMS)
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Letw e C" satisfy Q, ={f(s)=q, g(s)<r}
min - |w -,

subject to: W € Q, ¢

w is waveform closest to w in "matched subspace"




Constrained Waveform Design
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Terrain Scatter Example”
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Interference Source Speed 165 m/s
Receiver Speed 125 m/s
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*J. S. Bergin, P. M. Techau, J. E. Don Carlos, and J. R. Guerci, “Adaptive Waveform Design for Colored Noise”, 2005 IEEE Radar Conf.



Generalized POMS Algorithm SPO

(G-POMS)

Special Projects Office

Initialization: Create a set of nominal non-matched waveforms
that meet the constraints Q,

€2,

={w, 1w, € Q_,Vi}| offline

Step 1: Kernel test for matching gain potential

(A

/ﬂ‘min) 2 5

Step 2: SINR_,,,;, defines matched subspace

Qus ={Uy,Uy,... U 14 24

vi<k}

cmin?

Step 3: Project w; onto matched subspace and test for gain

SINR. >SINR

emin = {W; |




Generalized POMS Algorithm
(G-POMS) SI'D
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« Step 4: Of the admissible projection set, calculate
constraint deviation and compare to threshold

f(Wi) =Q,
g(w;) =r,
|a; —al| <,

|r,—r| <6, (assuming r, <r)

« Step 5: Choose best matched waveform from Step 4




y Summary & Areas for Future Research SI'O
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Summary:
« WO-MIMO has huge potential
« Adaptivity IS the key to realizing WO-MIMO potential
— Enormous real-time processing challenge
* Notion of SCM coupled with KASSPER for practical implementation

« POMS, G-POMS & SWORD approaches to achieve practical
waveforms

New Areas for Research
* New real-world application areas

 lterative methods that refine the G-POMS/SWORD solutions to yield
global optimality

» Development of a rich and diverse set of “nominal” waveforms meeting
non-adaptive constraints (resolution, sidelobes, etc.)

— Ensures that one or more waveforms will be “close” to the admissible
matched subspace

» Other approaches: Waveform Perturbation...?
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