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How Do We Get There?

• Review Goals and Implications of Heilmeier Questions

• Underlying Physics of Applications

• Explore New Enabling Technologies

• Explore Metrics of Performance

• Investigate Examples
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Future Wireless “Needs”… OK, Desires
• Want faster, more flexible, more available communications
• Want new functionalities that we didn’t know we wanted
– Communications; sensing; positioning, navigation, and timing 

(PNT); environmental situational awareness; and ?
• Want lower cost, size, weight, and power 

Who knows why,
but you know

it’ll happen

Autonomous Vehicles Fully Immersive
3D Interactive

Cat Café Simulations

Augmented Reality

Next Generation
Communications

Internet
Toaster

H

H

RF Convergence (or ISaC)

Cardiac Radar

New Sensing
Capabilities

Radar Stethoscope
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Advanced Reconfigurable Systems
DC to Daylight

• Reinvent spectral employment by co-design 
of multi-function system
– Provide transparent interface to spectrum
– Higher data rate, better sensing, improved 

resilience

• Enable RF convergence
– New functionalities
– Multi-function systems
– Communications, radar, PNT, etc…

• Enable flexible distributed carrier phase-
coherent systems
– Distributed wireless antenna arrays

• Integrate proliferated low C-SWaP space

• Develop advanced flexible systems
– Bandwidth, power-scaling, dynamic range, …
– Flexible RF and optical
– Flexible computations

Adaptable Smallsat Mesh

High Performance
Cross Links

Communications & PNT

High-Gain Distributed
Beamforming

Multiuser
Communications

Distributed Terrestrial
Base Station

High Performance
Cross Links PNT

Distributed Beamforming
Multiuser Communications

Autonomous
Vehicle

Emitter 
Analysis

& Geolocation

Airbus

WaymoApple

Internet
Toaster

Griffin
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Physiological Radar

• Extract hidden environmental information
– Extrasensory perception?

• Use low-cost small-scale radar systems
– Could you use your phone as a tricorder?

• Employs reasonably sophisticated algorithms
Radar Cardiac Movie 

Radar

Radar-Estimated
Cardiac Signal

Cool Signal
Processing

20 30 40 50
Time [s]
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Subject 1
Subject 2

Radar-Estimated
Heart Rates

Radar-Estimated
Cardio-Acoustic Signal

Y. Rong and D. W. Bliss, “Direct RF Signal Processing For Heart-Rate Monitoring Using UWB Impulse Radar,” 
IEEE Asilomar Conference on Signals, Systems, and Computers, Oct., 2018. 

Paramount
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Heilmeier Questions

• Defined key questions about technology/project development
– What are you trying to do? 
– How is it done today, and what are the limits of current practice?
– What's new in your approach and why it will be successful?
– Who cares? What difference will it make?
– What are the risks and the payoffs?
– How much will it cost?
– How long will it take?
– What are the midterm and final "exams" to check for success?

• Answer these questions when consider your research

• Continuously consider to improve your research approach
George Heilmeier

Director of DARPA, 1975-1977

wikipedia
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Focus Our Research Questions

• Here, focus on subset of Heilmeier questions
– How is it done today, and what are the limits of current practice?
– What's new in your approach and why it will be successful?
– Who cares? What difference will it make?

 

• Avoid the sea of “good” ideas that contributed little

Try to Imagine
What This Is

wikipedia

• Shoot for end of the Hype Curve
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How is it done today, and 
what are the limits of current practice?

• Currently employ range or rigid single-function stove-piped 
systems
– Requires new signal and processing chain for each function
– Limited ability to upgrade
– Limited ability to adaptive to changing environments or system 

needs
– Uses little outside information

• Requires remote (cloud) processing for fusion and flexible 
processing
– Huge facility full of 19-inch racks of computers
– Data movement is expensive and prone to security issues
– Introduces significant latency to decision making

• Ignores new functionalities enabled by integrated solutions
– More processing at edge

USA Today

ETA Until Next Phone Upgrade?

What Clouds Look Like

CERN
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What's new in your approach and 
why it will be successful?

• Mix communications, radar, relative PNT, etc. into 
single system

• Extend functionality of system by using spectrum 
in multiple ways

• Fluidly adapt to needs of environment

• Leverage evolving technologies
– Flexible frontends
– Efficient, flexible processing
– Distributed coherence

• Leverage heterogeneous connectivity: MANet-, 
terrestrial-, and satellite-based

Characteristics Space
Link

Length

Delay
Spread

Doppler
Spread

User
Distribution

Spectral
Allocation

Data Rate 
and Latency 

Characteristics
Example #1

Characteristics
Example #2

Multifunction
Waveforms Multifunction

Receivers
Network Resource

Optimization
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Who Cares? 

• Applies to a wide range of users
– Enabling wide range of end-users’, carriers’, and 

spectrum managers needs

• Reduce system cost - size, weight, and power 
(C-SWaP)
– Fluidly adjust functionality to system needs

• Integration of functionality into single device
– Commercial “phones”
– Smart homes and home security
– Smart cities
– Autonomous and semi-autonomous automotive 

applications
– Uncrewed aircraft systems (UASs)
– Flying cars (VTOL, EVTOL)

H

H

AIRBUS
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How Do We Get There?

• Review Goals and Implications of Heilmeier Questions

• Underlying Physics of Applications

• Explore New Enabling Technologies

• Explore Metrics of Performance

• Investigate Examples
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Noise
• Identify fundamental challenge to communications, detection, and estimation 

performance
– Thermal noise, not interference

Typical Noise Power 
Approximation

Double-Sided
Bandwidth

Fundamental Distribution of Noise

Noise-Power
Density

Planck
Const.

Boltzmann
Const.

Absolute
TemperatureLarge Number of 

Charged Particles

Nyquist Rate
Power

Spectral
Density

frequencyComplex
Baseband

Pass Band

fc
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Antennas

• Convert voltages to magical waves wafting through the air

• Consider the dipole antenna

• Relate gain to effective area
– Makes more sense for large antennas

Small-Dipole Approximation
Radiation Pattern

Parabolic Dish

Gain

Wavelength

Effective Area
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Friis’ and Phenomenological Equations

– Complicated scattering
• Approximate model

16 Basic Radio

a to include only the e↵ects of the physical channel between antennas. In this
case, the variance of s(t) given by E[ks(t)k2] = Pt is the power at the the transmit
antenna. In other scenarios, such as analysis of receivers, it is useful to include
the transmit gain as part of the channel so that kak2 is the gain-attenuation
product, under the assumption E[ks(t)k2] = 1. We use both conventions. The
situation determines which convention we use, and we expect that the usage will
be clear from the context. For the remainder of this chapter and for Chapter 3,
we use the convention that kak2 is associated with the propagation attenuation.

The power attenuation for a basic wireless line-of-sight channel is given by the
Friis Equation,

Pr = kak2
Pt (2.4)

kak2 =
Gt Gr

(4⇡ r/�)2
, (2.5)

where Gt is the antenna gain of the transmit antenna in the direction of the re-
ceiver, and Gr is the receive antenna gain in the direction of the transmitter. We
consider non-line-of-sight models in Section 7.6.1. The wavelength is indicated
by � and the distance from transmitter to receiver is indicated by r. For electro-
magnetic waves, these gains include the e↵ects of polarization of the antennas.

For terrestrial wireless communications, there are often scatterers in the envi-
ronment that a↵ect the propagation. While there are counter examples, the e↵ect
of these scatterers typically reduces the signal power at the receiver compared
to line-of-sight propagation; consequently, kak2 is smaller than that indicated by
the Friis Equation (2.5). There are many models that attempt to incorporate
this e↵ect, but a simple one is power law attenuation given by

kak2 = k
1

(r/�)↵
, (2.6)

where k is some constant of proportionality, and ↵ is the power law exponent. For
line-of-sight, ↵ is 2. For di↵erent environments, one can vary ↵ as an approxima-
tion of the types of attenuation that is expected. In urban environments, a value
of ↵ ⇠ 4 is often assumed. Although this approximation has been supported by
various experimental results, it is always a rough approximation.

2.2.3 Antennas

The antenna gain expressed in Equation (2.5) is an expression of the directional-
ity of the radiated electromagnetic energy. An antenna converts the time-varying
electrical signal of the currents and voltages in an electrical cable to radiated elec-
tromagnetic waves. The way in which antennas convert signals to radiated waves
is complicated, but if we consider the propagating waves from the antenna, we
view the signal as radiating with a given polarization and intensity as a function
of direction. Importantly, antennas have some range of useful frequency. Outside

copyright D. W. Bliss, draft not for distribution : August 19, 2020

• Evaluate attenuation
– Power is reduced

– Line-of-sight channel attenuation
• Friis’ Equation

Received
Signal

Transmitted
Signal

Attenuation Noise

Transmit and Receive
Gains

Attenuation
In Power

Distance Wavelength

Attenuation
In Power

Distance Wavelength
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Radar Return

• Multiples effect of channel attenuation
– Transmitter to scatterer to receiver
– R1

2 R2
2 loss for bistatic or R4 loss monostatic

• Consider cross section of sphere as reference 
target

• Three distinct regimes
– Rayleigh, ~ r6/l4
– Resonant
– Optical

Target

Radar

Back Scattering
From Sphere

Normalized Cross-Section of Sphere

  

Radius/Wavelength

s /
(p

 r2
)

Rayleigh

Optical
RegionResonant

r
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Return Power

• Consider constant illumination
– Monostatic radar

• How much power is returned
– Power sent toward the target

– Power flux at target

– Target cross section (radiated back toward receiver)

– Power at receiver

Target

Radar

Gain-Effective Area
Relationship
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Coherent Versus Incoherent Integration

• Signal model
– assume independent noise, n

• Consider energy at the output of matched filter

• Integrated SNR

• Coherent integration of signal

• Incoherent integration of noise

Expected Value

Samples of Transmitted Signal

Time-Bandwidth
Product

Samples of Received Signal Plus Noise
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Return SNR
• Received target power

• Thermal noise at receiver

• SNR

• Integrated SNR
– Temporally and spectrally flat waveform 

Target

Radar

Noise Figure
Versus Noise Factor
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“Line-of-Sight” Propagation

• Match spectrum to application
• Consider line-of-sight, range, bandwidth 

Excess Atmospheric Absorption
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Not a Lot of Unused Spectrum
Ok, None

• Find spectrum 
to operate your 
system
– Well, that 

escalated 
quickly

THIS CHART WAS CREATED 
BY 
DELMON C. MORRISON
JUNE 1, 2011
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Doppler Frequency Shift
Special Relativity

• Consider the basic physics
– Invoke special relativity
– Time dilation

• Do you need to worry about special relativity (1000 m/s > Mach 3)?

SourceObserver

v

Sufficiently Accurate
Approximation
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Radar Doppler Frequency

• Doppler frequency of monostatic radar is twice standard Doppler shift

• Easier to see if you think of a moving radar and static target

• More precisely
– Assume short pulses
– Assume monostatic
– Assume v is small

Observer
v

ScattererObserver

v

ScattererObserver

vDoppler
Shift

Center
Frequency

Fraction of
Speed of Light

Pulse Repetition Interval
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Antenna Arrays
• Phase multiple antenna elements to control direction of transmitted 

or received power
• Narrowband model - can’t resolve antennas,

wa
ve

fro
nt

s

Baseband
Signal

Wave Vector

Location Relative Delay

Wave Vector

Steering
Vector

Complex
Baseband

Representation

RelativeDelay
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Angle-of-Arrival Estimation

• Determine angle to source based upon 
observed phase on antennas
– Lots of pseudo-spectrum techniques
– Often associated with maximizing inner product 

between observation and model:

• Consider simple spatial model
– Array response “steering” vector

• Note: no one actually uses 1/2 wavelength space because antennas 
(or subarrays) have gain, so a larger spacing is employed 
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“Real” Antenna Arrays

• Reduce number of adapted phase 
centers by using subarrays
– Hybrid approach

• Overlap subarrays to reduce 
sidelobes

• Employ true time-delay steering for 
large wideband scenarios
– Space-Time beamforming

• Observe same pattern for transmit 
and receive because of reciprocity

S. Duffy, D. D. Santiago, J. Herd, “Design of overlapped subarrays using an RFIC 
beamformer”,, IEEE Antennas and Propagation Society International Symposium, 2007

Overlapped Subarrays

Overlapped Subarray Pattern
Reference Pattern
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• Decompose covariance matrix into eigen signal and noise subspaces

 

• Model signal as ideal array response

– Music psuedospectrum

MuSiC
 Multiple Signal Classification

• Estimate angle of incoming signal
– Common approach is MuSiC
• Inverse of norm squared of steering vector 

projected onto noise subspace

Pmusic(�) =
v†(�)v(�)

v†(�)Pnoise v(�)

=
n

n� v†(�) [I� v0 (v
†
0 v0)�1 v†

0]v(�)

=
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n� n
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n

���
2
�

=

����
v†(�)v0
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����
�2

1  Pmusic(�)  1

60

Psuedospectrum Projection Operator

True
Steering Vector

Noise Projection
Operator
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Adaptive Spatial 
Beamforming

Signal of
Interest

Interfering
User

Adaptive Antenna Array Processing
Spatial Interference Cancellation

• Focus on user of interest while nulling 
interference from other users

• Adapt antenna array beam pattern
– Beat received signal at each antenna against others
– Beam pattern adapted for each user simultaneously

Array Gain
After Mitigating Interferer

SOI to Interference Angle (Degrees)

Ar
ra

y 
G

ai
n 

(d
B)

8 Element Array
l/2 Spacing

Half-Beam Width

Natural Beam Pattern

Received Power
As A Function
Of Direction

A
rr

ay SOI

Adapted Beam Pattern

Interfering
User

Distorted
Pattern

c2

c1

S

D. W. Bliss and S. Govindasamy, “Adaptive Wireless Communications: MIMO Channels and Networks,” 
Cambridge University Press, Cambridge, 2013. 
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Radio Interference-Mitigation Approaches
• Enable higher RF density by mitigating interference
• Exploit space-delay correlations of interference 

sources to mitigate
– Space-time adaptive processing (STAP)

Interference
Transmitter

Space-Time
Receiver

Space-
Time 

Adaptive 
Processing

···
t t

t t t

t

Ad
ap

te
d

C
oe

ffi
ci

en
ts

···
S

Delay Taps
Filters Weights 

Take into 
Account

Space-Time 
Correlations
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Interference Transmitter
Temporal
Mitigation

Temporal Mitigation
Projects onto Space
Orthogonal to Known
Interference Sequence

Decoded
Subspace

High-Dimensional
Temporal Space

Data
Temporal

Vector
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Mitigated
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• Exploit known temporal structure to mitigate
– Temporal mitigation (estimation-subtraction)
– Decodable interference
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Radar Angle Estimation

• Estimate range, Doppler frequency, and angle
– Focus on range and Doppler frequency, here

• Employ multiple phase centers
– Angle information is encoded in the relative phase of the antennas
• Narrowband assumption

Target

Radar

Illuminator
(Transmitter)

Illuminated Area
Receive

Array
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Simple Radar Received Signal Model
• Illumination has pattern
– Range dependent
• Propagation
• Antenna pattern

• Angle information encoded in relative phase

Illuminator
(Transmitter)

Illuminated Area
Receive

Array

Considering Simple
Linear Array

Steering
Vector Wave

Vector
Physical

Angle
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Radar Transmit Pattern

• Illuminate from single element

• Illuminate from beamformer

Illuminator
(Transmitter)

Illuminated Area
Receive

Array

Illuminator
(Transmitter)

Receive
Array

Illuminated Area

Of Course,
You Can Reuse Transmit 

and Receive Array
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MIMO versus Traditional Coherent Radar
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-d  

0

d  

MIMO Radar Channel
Concept of Virtual Array

Transmit
Array

Receive
Array

Received
Signals

Channel
Matrices

Transmitted
Signals

Notional Model

-d 

0

d 

Array Responses

MIMO
Virtual
Array -d 

0

d   

2d

-2d  

x 2

x 3

x 2

• Channel estimate provides estimate of MIMO 
virtual array

• Virtual array may over-represented elements
– Convolution of real arrays produces virtual array 
– Suggesting sparse arrays

x 1

x 1
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Waveform Issues

Radar Goals
• Desire constant modulus 
– Small peak-to-average power ratio (PAPR)

• Want good complex ambiguity function
– Large bandwidth
– Range ambiguities bad
– Doppler is less clear 

Communications Goals
• Make dispersion compensation easy
– OFDM is popular 

• Use convenient modulation
– Match spectral efficiency needs

• Employ convenient coding and 
acknowledgement frames
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Figure 16.7 Complex ambiguity function surface, ‖φ(τ,ω)‖, for a 200-chip binary
phase-shift-keying signal.

16.3.3 Multiple-Antenna Legacy Signal Detection

A receiver with multiple antennas enables an interesting set of extensions to
the single-antenna signal detectors. In general, the ability to detect signals is
improved, potentially reducing the probability of interfering with the legacy sys-
tem.
By using the MIMO channel defined in Equation (8.3) with ns samples of

received signals on nr antennas, the received signal is given by the received
signal matrix Z ∈ Cnr×ns ,

Z = HS+N , (16.33)

where the channel matrix defining the complex attenuation between transmit
and receive antennas is indicated by H ∈ Cnr×nt , the transmitted signal is given
by S ∈ Cnt×ns , and the complex additive interference plus noise is denoted
N ∈ Cnr×ns .

Multiple-Antenna Energy Detection
If the interference-plus-noise covariance matrix R ∈ Cnr×nr is known or

estimated well, then it is useful to consider the whitened data matrix that is
defined here as Z̃,

Z̃ = R−1/2 Z . (16.34)

N T=16
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Figure 4.3 Examples of modulations: BPSK, QPSK, 8-PSK, and 16-QAM.

composite symbol from a sequence of simpler symbols, such as QPSK. It does this
by transmitting over time the inverse fast Fourier transform (IFFT) of a sequence
of symbols. As a consequence, each simple symbol is associated with a bin of the
fast Fourier transform (FFT), and, given a sufficiently narrow FFT subcarrier,
the communication system comprises a set of flat-fading channels. This is a
useful approach for environments with frequency-selective fading, particularly if
the channels are relatively static over time.
For analog communications, it was common to think of modulation frequency

and upconversion both as modulation. For digital communications, it seems more
natural to make the distinction between modulation and frequency upconversion
clearer. The modulation is typically done digitally. The frequency upconversion
may be either digital, analog, or both, depending upon the system. Some systems
perform the frequency upconversion in multiple steps. For example, it is often
convenient to upconvert to an intermediate frequency (IF) digitally,1 then to
upconvert to the carrier frequency using analog circuitry. This is the basically a
modern version of a superheterodyne transmitter. Mathematically, upconverting
to a carrier frequency, f0, can be performed by multiplying the complex baseband
signal as a function of time, s(t), by the term e−iωt, where ω = 2πf0 is the angular
frequency. The physical signal is given by the real part of this product,

!{e−iωt s(t)} = !{s(t)} cos(ωt) + "{s(t)} sin(ωt) . (4.5)

1 Many modern systems employ direct conversion, avoiding the IF stage because of
integrated circuit (IC) advantages.
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How Do We Get There?

• Review Goals and Implications of Heilmeier Questions

• Underlying Physics of Applications

• Explore New Enabling Technologies

• Explore Metrics of Performance

• Investigate Examples
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Simple Model of an RF System
• Simplify system to an embarrassing extent
• Identify frontend and backend of system

Amp
Up

ConversionDACsComputation

FrontendBackend

DigitizeDown
Conversion

Low
Noise
Amp

Computation

Frontend
Preselection

Filter

Backend

Transmit

Receive
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Novel Flexible Frontends

• Dynamically match spectral use to use
– Requirements and Environments

• Provide flexible spectral access in presence 
of in-band or nearby interference

• Reduce need for preselection filters 
– Sensitivity to near-band interference

Polyphase Mixer
Truly Flexible Frontends

DARPA RF-FPGA 

AD RF
Transceiver
Technology

Commercial transceiver 
up/down-conversion 

and digitization

Novel Approaches
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Reinvent Processor Technology
Domain-Focused Advanced Software-Reconfigurable Heterogeneous SoC

• Enable flexible RF systems
• Leverage and extend next-generation 

flexible computational architectures
– Coarse-scale heterogeneous processors

• Simplify use by employing advanced 
on-chip intelligence  and software 
support
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FPGA

Vector

Scalar

Computational Power EfficiencyComputational Power EfficiencyDomain-Specific 
System-on-Chip

(DSSoC)

Integrated FrameworkHeterogeneous Processors
DASH SoC

MAC CMN-600

Arm Cluster

L3
Cache FFT FIR DAP

1

FEC
Dec.

FEC
Enc.

Interfaces
DDR, Data

DAP
2

IS DASH SoC

MAC CMN-600

Arm Cluster

L3
Cache FFT FIR DAP

1

FEC
Dec.

FEC
Enc.

Interfaces
DDR, Data

DAP
2

IS

Prime https://www.youtube.com/watch?v=Z6yDE3TbhcU&t=2620s
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Enabling Novel Distributed RF
• Develop distributed coherent systems
– Distributed space-time transmit and receive beamforming

• Employ intra-mesh links for precise (phase-accurate) 
time exchange and data distribution

• Enable new functionality by employing sparse mesh 
of radios
– Enable communications in contested RF environments
– Increase transmit power (~ data rate): N2

– Increase receive SNR: N
– Enabling new class of precise multistatic radar systems

• Requires phase-accurate distributed coherence 
between radios

LEO Mesh

Joint Comms & 
Relative PNT

Distributed RF 
Applications

Distributed Coherence

Distributed Terrestrial
Base Station

High Performance
Cross Links
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In-Band Full Duplex

• Leverage growing technological base for 
simultaneous transmit and receive
– Same time and frequency
– Easy in principle, insanely difficult in practice
– Need more than 100 dB of suppression

• Potentially increase throughput by 
transmitting and receiving at same time

• Enables mix of signaling needs 
– Communications versus sensing
– Example: using communications signal as 

monostatic radar

Source
Node Self

Interference

Transmit
Destination

Node

In-Band Full Duplex

• Mitigate “known” signal

• Compensate for unknown, 
potentially dynamic channel
– Mildly dispersive
– Mildly nonlinear
– Everything matters
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In-Band Full-Duplex Challenges
• Employ in-band full-duplex signaling
– Same time and frequency
– Multiple layers of interference mitigation

• Consider simple system model

• Consider one of many complications
– Mild receive nonlinearities
– IQ Mismatch

Destination
Node

Relay
Node

Source
Node

Self Interference

Transmit
Array

Total Isolation = Spatial Isolation + Processing
 Total Goal > 100dB

Temporal Mitigation

Example Hardware Model

A. Sabharwal, P. Schniter, D. Guo, D. W. Bliss, S. Rangarajan and R. Wichman, "In-Band Full-Duplex Wireless: Challenges and Opportunities,” IEEE Journal on Selected Areas in Communications, Sept. 2014.
D. W. Bliss, P. A. Parker and A. R. Margetts, "Simultaneous Transmission and Reception for Improved Wireless Network Performance," IEEE Workshop on Statistical Signal Processing, 2007.

Self-Interference
Channel Baseband

Signal
IQ Mismatch

IQ & Non-
LinearityReceive

Antenna

IQ & Non-
Linearity

ADC

ADC

Base-
band
Proc.

Filter

Filter

cos(! t)

sin(! t)
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When You Don’t Know the Answer, Invoke ML

• Use ML to approximate high-dimensional nonlinear functions
– Wide range of recent advances in parameter estimation and processing
– Applicable to wide range of nonlinear functions
• D. Elbrächter, D. Perekrestenko, P. Grohs, H, Bölcskei, “Deep neural network approximation 

theory,” IEEE Transactions on Information Theory, 2021

• Understand implications of model mismatch
– “Currently, artificial intelligence (AI) is remarkably stupid, sometimes useful, but stupid. It 

is important to remember that machine learning (ML), which presently is most of AI, is 
just "curve fitting" in a high-dimensional space that you cannot visualize using basis 
functions that you cannot understand. ML itself has no actual understanding. 
Furthermore, without serious analysis of ML's robustness and interpretability, you have 
no chance of knowing if what it produces is valid or good-looking lies. Basic theory on ML 
robustness and interpretability is still very weak. You have been warned.” – Dan Bliss
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Interesting ML Applications
• Identify the right applications
– Resource optimization
• Approximate full searches
• Much faster than traveling salesperson search

– Manifold learning
• Antenna array calibration, particularly in complicated environments
• Connect to partial physical knowledge

Your Array

Receiver

f
Cn

Array
Manifold

19 lecture: exam

20 lecture: review

21 lecture: sparse estimation

kv†(usl) [v(u0) + n]k

kv†(u0) [v(u0) + n]k

f = v†(u0)v(u)

=
nrX

m=1

ei 2⇡ dm(u�u0)

Pr

⇢
kf(u, u0)k2

n2
r

< ⌘2
�

Pr(r < ⌘) ⇡ [1� e�nr ⌘2 ] e
�
n
[
p

4⇡ nr
3 ⌘Le�nr ⌘2 ]

o

22 lecture: calibration error

v(km;x1, · · · ,xn)

v(km;x1, · · · ,xn) =

0

BB@

ei (km·x1+�1)

ei (km·x2+�2)

· · ·

ei (km·xn+�n)

1

CCA

=

0

BB@

ei [2⇡ sin(�) 0/2+�1]

ei [2⇡ sin(�) 1/2+�1]

· · ·

ei [2⇡ sin(�) (n�1)/2+�1]

1

CCA

= Dv(km;x1, · · · ,xn)

D = diag{ei �1 , ei �2 , · · · ei �n}

62

Projected
Onto R2

Physical
Direction
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How Do We Get There?

• Review Goals and Implications of Heilmeier Questions

• Underlying Physics of Applications

• Explore New Enabling Technologies

• Explore Metrics of Performance

• Investigate Examples
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What Are We Doing?

• Move information

• Detect states or objects

• Estimate parameters

• Track parameter evolution

• Operate in presence of noise

Drives Us to Explore 
Detection and Estimation 

Theory
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Communications Information Bound

• Move bits from one place to another

• Specify model
– Amplitude domain

• Identify limits to performance
– Ratio of signal power to noise power is key
– Known as channel capacity or Shannon Limit

– Spectral efficient is C/B

2.1 What Is Communications? 13

2.1.1 A Communications Link

We have a source of information (which we often describe in terms of some se-
quence of bits) at one location and a destination (or sink) at another. We use
a transmitter to send a signal containing the information and a receiver to cap-
ture this signal and extract the information, as seen in Figure 2.1. The thing in
between these two entities is the channel. For any physical system, this channel
distorts whatever signal (which contains the information) we try to send through
it. The channel may be a wire or, as we will consider primarily here, electromag-
netic waves propagating through the environment. We commonly identify the
range electromagnetic wave frequencies from just above around 3 kHz to less
than 300 GHz as radio frequencies (RF).

Figure 2.1 Notional wireless communications link that is sending a signal from the
transmitter to the receiver.

For wireless systems, we often construct a signal at complex baseband, which
is spectrally centered around zero frequency or, equivalently, around DC,1 and
up-convert the signal to passband, which is centered at the carrier frequency.
There is also a component around the negative carrier frequency. The carrier
frequency is typically large compared to the bandwidth of the baseband signal.
At the receiver, the signal is down-converted back to a complex baseband signal,
which is spectrally centered around DC again. While the signal that goes over the
air at the carrier frequency is real, for idealized transmit and receive processing
chains (discussed in greater detail in Section 2.5), all the information of the
passband signal is represented at complex baseband. Consequently, unless we are
specifically considering some particular distortion associated with the electronics
of the radio system, we only need to consider the complex baseband signals at the
transmitter and receiver. The up- and down-conversion employs mathematical
tools discussed, in part, in Section 15.4.2. This concept is described in greater
detail in Chapter 5.

2.1.2 Signal Sources and Coding

While we will revisit source signal construction and encoding later (in Section
3.4.1) in more technical detail, it is worth providing a short introduction. Some
signals are intrinsically digital. For example, if I need to send an email, text
message, or a sequence of entries in financial accounts, the data can be translated

1 DC (direct current) is used to indicate a constant signal or, in other terms, the amplitude
associated with zero frequency

copyright D. W. Bliss, draft not for distribution : August 19, 2020

Received
Signal

Transmitted
Signal

Attenuation Noise

Channel
Capacity

(b/s)

Total
Bandwidth

Shannon Limit
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Parameter Estimation Performance
• Performance of estimator as a function of 
– SNR
– Integrated SNR

• Typical estimator performance
– Asymptotic region
– Transition region
– Random region

• Above some threshold point “good” estimator performance approaches 
Cramer-Rao bound
– Cramer-Rao ignores large errors
– Nonlocal error bounds exist (Weiss-Weinstein, Method of Interval Errors)

Model
Mismatch

Jump to Wrong
Peak in NoiseAntenna

Array
Response

Angle
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Estimator Variance

• Consider random variable 

• Assume single parameter of interest

• Estimator of parameter based on sequence of observations

• Variance of estimatation
Note:

Do Not Confuse
Signal Variance

with
Parameter Estimation

Variance

Probability Density Function
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Cramer-Rao Bound
Model

• Radar estimates range and Doppler of target
– Simple universe
– Nonfluctuating target (signal in the mean)

• Multivariate CR bound
– Evaluate delay estimation bound and convert to range

Radar Model

Target
“Radar”

Parameters

Inverse of
Fisher Information

Matrix



Bliss –2023 – 51

• Three parameters
– Delay
– Amplitude
– Phase

• Sampled multivariate complex Gaussian PDF

• Observe signal is in the mean

• Estimate delay by maximizing likelihood

Model

Parameters
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Delay Bound

• Adjust parameter origins to zero off-diagonal elements
– Just need to worry about delay term

• Go back to standard definition

• Derivative with respect to delay

Fisher
Information

Matrix
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Evaluate Delay CRB
• Basic derivation

• Leverage Parseval 
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Neyman-Pearson Analysis for Nonfluctuating Target
Under Range-Doppler Processing 

• Consider deterministic, nonfluctuating target

• Consider post-processed signal
– Test for target in give range-Doppler cell

• Find likelihood ratio test (NP)

• Evaluate ROC 

Ra
w

 D
at

a

Pulse
Ra

ng
e

Pulse

Matched 
Filter Per 

Pulse Ra
ng

e

Doppler

Slow-Time
FFT

Target?

Complex
Values

(Amplitude
Not

Power)
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Nonfluctuating Target 
Probability Densities

• Neyman-Pearson
– Use log likelihood ratio

• Noise, H0

• Noise plus deterministic target, H1
– Ricean (sort of square root of noncentral Chi square with 2 degrees)

Modified Bessel Function
Of First KindTarget Mean

At Output of Processing
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Nonfluctuating Target 
Neyman-Pearson

• Compare likelihoods
– Use log likelihood ratio

• Monotonic, really just use 
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Nonfluctuating Target 
Magical Knowledge Performance, PFA – PD

• Test signal within a range-Doppler bin
– Variable that we care about

• H0, Noise
– Rayleigh, x = kzk , or q = kzk2

Closed-Form
Threshold

• H1, Nonfluctuating signal plus noise
– Could use noncentral Chi square
– Ricean,

Marcum Q-Function
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Nonfluctuating Target 
Magical Knowledge Performance, PD-PFA

• Evaluate receiver operating characteristics (ROC) curve False alarm
– Probability of false alarm

– Probability of detection

• QM is Marcum Q-function

• Put it all together

Probability of False Alarm

Pr
ob

ab
ili

ty
 o

f D
et

ec
tio

n

ISNR = 6 dB

ISNR = 10 dB

ISNR = 13 dB
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How Do We Get There?

• Review Goals and Implications of Heilmeier Questions

• Underlying Physics of Applications

• Explore New Enabling Technologies

• Explore Metrics of Performance

• Investigate Examples
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Spectral Convergence
• Reuse RF/mmWave signals and receivers
– Node performs multiple tasks simultaneously with 

same energy
– Remove artificial separation between communications, 

sensing, PNT, etc.

• Improve rather than degrade performance by 
friendly RF/mmWave systems
– Radios can do everything

Target
Field

Military Systems

B. Paul, A. R. Chiriyath, and D. W. Bliss “Survey of RF Communications and Sensing Convergence Research,” IEEE Access, Dec., 2016. 

Multifunction
Waveforms Multifunction

Receivers
Network Resource

Optimization

• Enabled by recent technical advances
– Efficient flexible computational systems
– Flexible RF

Imran Taylor 

mmWave Comms & 
Gesture Recognition 

Radar
Potential 

Convergence 
Examples

Automotive
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Simple Topological Models
 Communications and Radar Examples

Radar
Target

Radar 
As Relay

Target
Receiver

Communications
And Radar
Illuminator

Target “Radar”

Target
Field

Communications
And Radar
Illuminator

Target

Receiver
Communications

And Radar
Illuminator

Decompose more complicated networks into basic components
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Multi-Access Communications & Radar
Example Approach

• Recover radar return and communications 
simultaneously

• Explore joint estimation, detection and 
information theory
– Interactions between sensing and communications

Radar Target

Receiver

Transmit
Radar

Waveform
Radar

Channel S

Comms
Channel

Remove
Predicted

Return
Decode
Comms

Remove
Comms
Signal

Communications
Info

Comms
Signal

Process
Radar
Return

Radar
Info

D. W. Bliss, "Cooperative radar and communications signaling: The estimation and information theory odd couple,”
IEEE Radar Conference, 2014



Bliss –2023 – 63

System 
Performance 

Manifold

Rcom
Rest

Rrelay

Multi-Access Receive and Relay
Simple Example

• Optimize operating point
– Maximize objective function

• Evaluate theoretical joint manifold
• Investigate operating point selection 
– Simple example: multi-access receive and relay 
– Simple objective function

Radar Target

Multi-Access
Receiver
& Relay

Communications
Transmitter

Communications
Receiver Sidelobe

Sidelobe

Main Lobe

Optimized 
ParameterMapping

Rweighted(↵;west, wcom, wrelay) =
west Rest + wcom Rcom + wrelay Rrelay

west + wcom + wrelay

↵̂ = argmax↵{Rweighted(↵;west, wcom, wrelay)}
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Toy Automotive Problem
• Consider joint communications; radar; and 

positioning, navigation, and timing (PNT) problem
• Communicate to Car 3 that legacy (L) vehicle is 

approaching intersection
• Use waveforms for comms, radar, and PNT
• Trade bandwidth between users

Building

1

3

2
L

Building

D12 = 500 m

D1L = 300 m

D
23  = 300 m

b1

b2

b3

Scenario

b1

b2

btot

Chirp Pulse Position Modulation

Parameters
• Center frequency = 77 GHz
• Total bandwidth (1&2) = 1 GHz, 
• Transmit power = 1W 
• Noise figure = 6 dB, T = 300K 
• Coding loss = -6 dB
• Chirp TBP = 30 dB, Slow-time TBP = 20 dB
• PNT TBP = 100 chirps
• RCS = 10 m2

• Antenna gain
– 13dB (forward) 
– (1 ↔ 2) = 0 dB, (2 → 3) = -6 dB, (3 → 2) = 0 dB, 

s12,PNT (mm)

Performance Manifold
C23 (Mb/s)

s1L,Radar
(mm)

A. Herschfelt, A. R. Chiriyath, S. Srinivas, D. W. Bliss, “An Introduction to Spectral Convergence: Challenges and 
Paths to Solutions,” IEEE International Online Symposium on Joint Communications & Sensing, 2021
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Multiple Access Bound

Multiple Access Communications Bound
Illustrative Analogy

• Satisfy all bound

– Fix power of channel for 
both transmitters

Receiver

• Find points of bound intersection
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Successive Interference Cancellation

Multiuser Communications & Multi-Static SAR
MATLAB Simulation

• Design joint radar-communications system
• Develop multi-static channel model
• Approach performance bounds
• Perform SAR imaging

Modeled Scattering
Field Multi-Static Synthetic

Aperture Radar Image

A. Herschfelt and D. W. Bliss, "Joint radar-communications waveform multiple access and synthetic aperture radar receiver,"
IEEE Asilomar Conference on Signals, Systems, and Computers, Pacific 2017
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Multiple Access Radar/Comms Receiver
Are The Bounds Equivalent?

• Equivalent? No
– Estimation is not drawn from countable distribution
– Bound is not achievable

Receiver

Target

“Radar”

• But, let’s see how close we can get
– Focus on achievable (inner) bounds

Hint:
We Will Apply MUD to 

Mixed Radar and 
Communications

D. Bliss, “Cooperative Radar and Communications Signaling: The Estimation and Information Theory Odd 
Couple,” in IEEE Radar Conference, May 2014.
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Characterize What You Have Learned about the Target
Random Process Characterization

• Develop concept of estimation information rate
– Average bit rate required to encode knowledge of target

• Estimate target range (delay)

Time

D
el

ay

Target Delay
Random Process

Predicted
Path

Random
Variations

Target “Radar”

Target Delay

Target Delay Variance

• Assume delay determined by partially known random process 
– Assume unknown delay is Gaussian
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Range (Delay) Estimation Uncertainty

• Assume good estimator and reasonable 
integrated SNR

• Use Cramer-Rao bound to get delay estimation 
performance bound 

Target “Radar”
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Target Information Rate
A Quirky Parameterization

• Invent target estimation rate
– Assume process variation and estimation error are Gaussian

• Determine estimation information rate by evaluating total and 
estimation entropies
–  Rest ~ Huncertainty - Hest

–  Average number of bits required to encode estimate per unit time

• Ratio of variances looks like an “SNR”
 

– Like SNR

D. Bliss, “Cooperative Radar and Communications Signaling: The Estimation and Information Theory Odd Couple,” 
IEEE Radar Conference, May 2014.
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Bound Approach Overview
Successive Interference Cancellation

• Construct novel joint radar/communications approach
Transmit

Radar
Waveform

Radar
Channel S

Comms
Channel

Remove
Predicted

Return

Decode
Comms

& Remove

Process
Radar
Return

Comms InfoComms
Signal

Target

“Radar”

• Basic successive interference cancellation (SIC) bound
– Define radar random process
– Evaluate estimation error of radar
– Evaluate estimation information rate
– Evaluate communications capacity
– Evaluate SIC point
– Interpolate between SIC point and communications-only point

Radio
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Received Signal After 
Predicted Radar Return Removed

• Received signal combines radar return and communications signal

Target
“Radar”

Radio
• Remove predicted radar return

Not Required,
But Provides
Nice Result

• Approximate difference with derivative

By Parseval's 
Theorem

3

The zero-mean thermal noise n(t) is drawn from a complex
Gaussian distribution with variance �2

noise
= kB Ttemp B. A

reasonable time-delay estimator (particularly if targets are well
separated) is the correlation estimator given by

⌧̂m = argmax⌧m

Z
dt z(t)x⇤(t� ⌧m) . (2)

As stated in Section II, because we assume we are tracking the
target, we have some knowledge of the target’s range (based
upon prior observations), up to some range fluctuation in the
return due to an underlying target random process. This range
fluctuation is interpreted as a fluctuation in delay which is
modeled by a Gaussian distribution n⌧,proc. During the kth

observation, the delay for the mth target will be given by,

⌧ (k)
m

= ⌧ (k)
m,pre

+ n⌧,proc (3)

⌧ (k)
m,pre

= f(k;Tpri,�) .

The function f(k;Tpri,�) is a prediction function which
depends on Tpri, the pulse repetition interval, and a set of
nonspecific system and target parameters, �. The variance of
the range fluctuation process is given by

�2

⌧,proc
=
D
kn⌧,prock2

E
=

⌧���⌧ (k)m
� f(k;Tpri,�)

���
2
�

. (4)

B. Communications Signal with Predicted Radar Return Sup-

pressed

In order to improve the performance of the communications
system, we try to mitigate unnecessary interference caused by
the presence of the radar signal by using the predicted target
range to generate a predicted radar return and subtracting it
from the received signal at the receiver. This technique is
known as Successive Interference Cancellation (SIC) [1].

For N targets, the received signal at the communications
receiver with the predicted radar return suppressed is given by

z̃com(t) =
p
Pcom b r(t) + n(t) (5)

+
p

Prad

NX

m=1

am[x(t�⌧m)�x(t�⌧m,pre)] .

Note that we have assumed here that the estimated amplitude
is equal to the actual amplitude (ãm = am). This approach is
only useful if the error in delay is smaller that 1/B. For small
fluctuations in delay, we can replace the difference between the
actual and predicted radar return waveforms with a derivative,

x(t� ⌧m)� x(t� ⌧m,pre) ⇡
@x(t� ⌧m)

@t
n⌧,proc . (6)

The signal observed by the communications receiver is then
given by

z̃com(t) ⇡
p

Pcom b r(t) + n(t)

+
p

Prad

NX

m=1

am
@x(t� ⌧m)

@t
n⌧,proc . (7)

The interference plus noise from the communications system’s
point of view is given by

nint+n =
p

Prad

NX

m=1

am[x(t�⌧m)�x(t�⌧m,pre)] + n(t)

⇡
p

Prad

 
NX

m=1

am
@x(t� ⌧m)

@t
n⌧,proc

!
+ n(t)

�2

int+n
=
⌦
knint+nk2

↵

= Prad

 
NX

m=1

kamk2 (2⇡)2 B2

rms
�2

proc

!
+ �2

noise
(8)

B2

rms
=

R
df f2 kX(f)k2
R
df kX(f)k2

, (9)

where f is frequency, X(f) represents the frequency spec-
trum of the radar illumination signal x(t), and Brms comes
from employing Parseval’s theorem to convert @x(t� ⌧m)/@t
into the frequency domain and then using the differentiation
property of the Fourier transform [23]. Brms is extracted from
bandwidth B as follows

�2 B2 = (2⇡)2 B2

rms
, (10)

where the value � is the scaling constant between B and
Brms times 2⇡ that is dependent upon the shape of the radar
waveform’s power spectral density. For a flat spectral shape,
�2 = (2⇡)2/12.

III. CRAMÉR-RAO LOWER BOUND FOR TIME-DELAY
ESTIMATION

In this section, we develop the Cramér-Rao lower bound on
time-delay estimation on a SISO (single-input single-output)
channel with circularly symmetric Gaussian noise [24]. The
Cramér-Rao bound gives the best performance (in terms of
variance of estimation error) of an unbiased estimator.

We assume that the received signal of the time-delay esti-
mator is given by

z(t) = a x(t� ⌧) + n(t), (11)

where x(t) is the transmitted signal whose frequency rep-
resentation, X(f) has full bandwidth B, x(t � ⌧) is the
delayed version of the transmitted signal, a is the combined
radar cross-section, antenna and propagation gain and n(t)
is circularly symmetric Gaussian noise with zero mean and
variance �2.

Let ✓ = ⌧ be the parameter to be estimated. From equation
(11), we see that z(t) ⇠ CN (a x(t � ⌧),�2) and has the
following probability density function,

p(z(t); ✓) =
1

⇡�2
e�

kz(t)�a x(t�⌧)k2

�2 . (12)

The Cramér-Rao lower bound for time delay estimation,
�2
⌧ ;est

is given by

�2

⌧ ;est
=

✓
1

8⇡2 B2
rms

ISNR

◆
(13)

where ISNR stands for integrated SNR. By centering the
spectrum at an appropriate point (by choosing the origin of
the spectrum), we get the RMS bandwidth Brms, given by
Equation (9).

• Characterize “noise” to communications decoder at “radar”



Bliss –2023 – 73

Simple Successive Interference Cancellation (SIC)

• Decode stronger signal
• Remodulate stronger signal
• Subtract stronger signal
• Decode weaker signal

Signal 1 + Signal 2

Demodulate
Signal 1

Remodulate
Signal 1

S
-

+

Bits

Signal 1

Signal 2

Signal 1

Signal 2
+
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Evaluate SIC Point
• Find maximum communications rate such that the receiver can decode and 

subtract it in presence of radar return residual

Inner
Bound

Ideal
Radar Estimation

Rate

C
om

m
un

ic
at

io
n

R
at

e

Ideal
Comms

Target
“Radar”

Radio

SIC
Vertex

4

where x(t) is the transmitted signal with power Prad whose
frequency representation, X(f) has full bandwidth B, x(t�⌧)
is the delayed version of the transmitted signal, a is the
combined radar cross-section, antenna and propagation gain
and n(t) is circularly symmetric Gaussian noise with zero
mean and variance �2.

Let ✓ = ⌧ be the parameter to be estimated. From equation
(11), we see that z(t) ⇠ CN (a

p
Prad x(t � ⌧),�2) and has

the following probability density function,

p(z(t); ✓) =
1

⇡�2
e�

kz(t)�a
p

Prad x(t�⌧)k2

�2 . (12)

The Cramér-Rao lower bound for time delay estimation
[33], �2

⌧ ;est
is given by

�2

⌧ ;est
=

✓
1

8⇡2 B2
rms

ISNR

◆
, (13)

where ISNR stands for integrated SNR. By centering the
spectrum at an appropriate point (by choosing the origin of
the spectrum), we get the RMS bandwidth Brms, given by
Equation (9).

IV. RADAR ESTIMATION INFORMATION RATE

Here we develop a novel parameterization of the radar in
terms of information rate. The metric is analogous to data
information rate for the communications system. We construct
this information rate by considering the entropy of a random
parameter being estimated and the entropy of the estimation
uncertainty of that parameter [1]. As mentioned earlier, this
estimation information rate employs the insights of rate dis-
tortion theory [34], [35] and highlights the symmetry with the
communications information rate bound. As an observation, if
the targets are well separated, then each target estimation can
be considered an independent information channel.

Motivated by the mutual information rate (or radar esti-
mation rate) in terms of estimation entropy, random process
entropy of the radar and bits per pulse repetition interval
Tpri = T/�, the radar estimation information rate is bounded
by

Rest 
X

m

h⌧m,rr � h⌧m,est

Tpri

, (14)

where h⌧m,rr is the received signal entropy and h⌧m,est is the
estimation entropy.

The received signal entropy of the radar or the entropy of
the process uncertainty plus estimation uncertainty, assuming
that both are Gaussian, is given by [32], [34]

h⌧m,rr =
1

2
log2

⇥
2⇡ e (�2

⌧m,proc
+ �2

⌧m,est
)
⇤
, (15)

To find the estimation entropy, we find the delay estimation
uncertainty for each target. Under the assumption of Gaussian
estimation error, the resulting entropy of the error is given by

h⌧m,est =
1

2
log2[2⇡ e�2

⌧m,est
]

=
1

2
log2


2⇡ e

kB Ttemp

2�2 B (TB) kamk2 Prad

�
, (16)

where the variance of delay estimation for the mth target is
given by Equation (13).

Finally, after putting it all together, we see that the radar
estimation information rate is given by

Rest 
X

m

�

2T
log2

 
1 +

�2
⌧m,proc

�2
⌧m,est

!

=
1

2

X

m

B

log2

"
1 +

2�2
⌧,proc

�2 B (TB) kamk2 Prad

kB Ttemp

#�/(TB)

.

(17)

It is worth noting, that by employing this estimation entropy
in the rate bound, it is assumed that the estimator achieves the
Cramér-Rao performance. If the error variance is larger, then
the rate bound is lowered.

V. MULTIPLE-ACCESS COMMUNICATIONS PERFORMANCE
BOUND

We present the multiple-access communications system
performance bound [32], [34] as motivation to develop inner
bounds on the performance of a joint radar-communications
system [1]. In this scenario, the channel propagation gain for
the first communications system is given by a1 and channel
propagation gain for the second communications system is
given by a2. The power of the first communications transmitter
is denoted by P1 and the power of the second communications
transmitter is given by P2. Their corresponding rates are
denoted R1 and R2. Assuming that the noise variance is given
by �2

noise
, the fundamental limits on rate are given by

R1  log2

✓
1 +

ka1k2P1

�2

noise

◆
, R2  log2

✓
1 +

ka2k2P2

�2

noise

◆

R1 +R2  log2

✓
1 +

ka1k2P1 + ka2k2P2

�2

noise

◆
. (18)

Vertices are found by jointly solving two bounds to get,

{R1, R2} =

⇢
log2

✓
1 +

ka1k2P1

1 + ka2k2P2

◆
,

log2

✓
1 +

ka2k2P2

�2

noise

◆�
. (19)

The other vertex can be found by switching the subscripts
1 and 2 in Equation (19). The region that satisfies these
theoretical bounds is depicted in Figure 2.

• Then have ideal radar range estimation
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Bound Approach Overview
Water-Filling Joint Waveform Design

• Split into two sub-bands
– Communications only
– Mixed use

• Optimize communications power use by 
employing water-filling
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D. Bliss, “Cooperative Radar and Communications Signaling: The Estimation and Information Theory Odd 
Couple,” in IEEE Radar Conference, May 2014.
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Distribute Power By “Water-Filling”
• Optimize communications power/rate between bands
– Operate mixed-use band at SIC point

• Define two channels

• Optimal power distribution
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Comparison of a Few Cooperative Operation 
Bounds

• Compare inner bounds
• Bounded by water-filling approach currently
– Although its not tight

A. R. Chiriyath, B. Paul, G. M. Jacyna, and D. W. Bliss “Inner Bounds on Performance of Radar and 
Communications Co-Existence,” IEEE Transactions on Signal Processing, Jan., 2016.

Water-Filling
BoundIsolated

Usage

SIC
Point

M
ix

ed
R

ad
ar

9

for ↵ < 0.19 and ↵ > 0.81 such that the total power used by
both sub-channels at ↵ valu e is always the total radar power,
Prad.

In Figure 6, we indicate in green, the bound on successive
interference cancellation (SIC), presented in Equation (23).
The best case system performance given SIC is at the vertex
(at the intersection of the green and red lines), which is
determined by the joint solution of Equations (23) and (17).
The inner bound that linearly interpolates between this vertex
and the radar-free communications bound in Equation (22)
is indicated by the gray dashed line. The water-filling bound
is indicated by the blue line. The water-filling bound is
not guaranteed to be convex. The water-filling bound is not
guaranteed to be greater than the linearly interpolated bound.
The isolated sub-band inner bound is indicated by the brown
line and the optimal Fisher information bound is indicated by
the black line.

In the example, we see that the water-filling bound exceeds
the linearly interpolated bound and all other inner bounds. We
also see that the optimal Fisher information bound is always
lower than the water-filling bound and the linearly interpolated
SIC bound. The optimal Fisher information bound can either
exceed the isolated sub-band bound or be lower than the
isolated sub-band bound depending on the value of ↵ used.
As mentioned in Section VI-C, the shape of the water-filling
curve is non-intuitive. Finally, we see that the end points of
the optimal Fisher bound are as expected.

TABLE II
PARAMETERS FOR EXAMPLE PERFORMANCE BOUND #1

Parameter Value
Bandwidth 5 MHz

Center Frequency 3 GHz
Temperature 1000 K

Communications Range 10 km
Communications Power 100 W

Communications Antenna Gain 0 dBi
Communications Receiver Side-lobe Gain 10 dBi

Radar Target Range 100 km
Radar Antenna Gain 30 dBi

Radar Power 100 kW
Target Cross Section 10 m2

Target Process Standard Deviation 100 m
Time-Bandwidth Product 100

Radar Duty Factor 0.01

0 1000 2000 3000 4000
0

1 × 107
2 × 107
3 × 107
4 × 107
5 × 107
6 × 107

Estimation Rate (b/s)

D
at
a
Ra
te
(b
/s
)

SIC Bound
Linear Interpolation of SIC Bound
Optimal Fisher Information Bound
Water-fillingBound
Isolated Sub-band Bound

Fig. 6. Data Rate and Estimation Rate Bounds for Parameters in Table II.

VII. CONCLUSION

In this paper, we provided a novel approach for producing
joint radar-communications performance bounds. A unique
joint receiver signal model similar to the communications
multiple access channel was developed. We developed an es-
timation information rate for time-delay estimation for a radar
system which as then used to evaluate performance. Various
inner bounds on performance such as the SIC inner bound,
the isolated sub-band inner bound, the communications water-
filling inner bound and the optimal Fisher information inner
bound were developed for a joint receiver. There are a range of
potentially interesting scenarios to which these bounds may be
applied. Given a set of parameters and constraints on the radar
and communications systems, we can use the derived inner
bounds to design appropriate joint systems. In the case where
we have full control over all parameters for both systems, we
can simply calculate the convex hull of all inner bounds and,
depending on the requirements of the system, we can choose
which region to operate in, thus also choosing the algorithm
that will be implemented by the system. In the case where
we have no control over some of a system’s parameters, we
can design a joint system based on just the convex hull of an
appropriate subset of the derived inner bounds. This gives a
unique profile of all possible data and estimation rates and we
can then choose which region to operate in, depending on the
requirements of the system.
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Joint Radar-Communications System
 MATLAB-in-the-Loop Experiments

• Demonstrate feasibility of joint 
radar-communications system
– Use dynamic network of software 

defined radios
– Chirp and QPSK waveforms
– Intelligent power and rate control 

between systems

• Decode communications

• Remove communications

• Observe chirp with little 
communications residual

5 10 15 20 25
Time (  s)

-4
-3
-2
-1
0
1
2
3
4
5

Fr
eq

ue
nc

y 
(M

H
z)

-90

-85

-80

-75

-70

-65

-60

M
ag

ni
tu

de
 (d

B)

5 10 15 20 25
Time (  s)

-4
-3
-2
-1
0
1
2
3
4
5

Fr
eq

ue
nc

y 
(M

H
z)

-90

-85

-80

-75

-70

-65

-60

M
ag

ni
tu

de
 (d

B)

Low
Residual

Performance Evaluation

Joint Radar & 
Communications Node

LFM 
Chirp

TX
Comms 

TX

Laboratory Setup

R. M. Gutierrez, A. Herschfelt, H. Yu, H. Lee and D. W. Bliss, "Joint radar-communications system implementation using software defined 
radios: Feasibility and results," IEEE Asilomar Conference on Signals, Systems, and Computers, 2017



Bliss –2023 – 79

Advanced Reconfigurable Systems
DC to Daylight

• Reinvent spectral employment by co-design 
of multi-function system
– Provide transparent interface to spectrum
– Higher data rate, better sensing, improved 

resilience

• Enable RF convergence
– New functionalities
– Multi-function systems
– Communications, radar, PNT, etc…

• Enable flexible distributed carrier phase-
coherent systems
– Distributed wireless antenna arrays

• Integrate proliferated low C-SWaP space

• Develop advanced flexible systems
– Bandwidth, power-scaling, dynamic range, …
– Flexible RF and optical
– Flexible computations
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Automotive Radars

• Provide vehicle situational awareness

• Accepted broadly
– New safety requirement
– Mass production

• Drive system lower costs
– Short and “long” range automotive radars ~ 

$100
– 24 GHz and 77 GHz

• Need improved system integration and 
functionality

https://semiengineering.com/here-comes-high-res-car-radar/

NXP-TEF8102

https://spectrum.ieee.org/transportation/advanced-cars/longdistance-car-radar
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WISCA Projects
Wireless Information Systems and Computational Architectures Center

• Executing on a wide range of projects, large and small
• Developed strong relationships with industry and DoD sponsors
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Carrier Phase-Accurate Positioning, Navigation, and Timing
Enabling Distributed Beamforming Technology

• Enable distributed capabilities with 
distributed coherence
– Dramatically improve gain, P ~ N2

– Null interference and jamming

Distributed Beamforming
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• Exploit carrier phase-accurate timing 
exchange approaches for PNT
– Joint communications & PNT
– Natural spoof resistance 
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• Employ our advances in MIMO carrier 
phase-coherent timing exchanges
– Achieve 0.01m rather than 30m error
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