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Furthermore, Nokia states that the new network will have the 
ability to "sense" the environment by using signals that will 
essentially bounce off obstacles or objects that come in its path. 
This will allow it to figure out what those objects are, where 
they are, how fast they're moving, and what they're made of.

By combining this information with AI, the network can create 
a "digital twin" of the physical world

https://clk.tradedoubler.com/click?p=320011&a=2384895&epi=ac-us-2105942834324674630&url=https%3A%2F%2Fwww.nokia.com%2F6g%2F6g-explained%2F%23%3A~%3Atext%3DA%2520network%2520that%2520can%2520sense%2Cthe%2520environment%252C%2520people%2520and%2520objects.#:~:text=A%20network%20that%20can%20sense,the%20environment%2C%20people%20and%20objects.
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sensing the physical world & 

transmitting data wirelessly

sensing via the wireless 

signals themselves
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Mobile & Wireless Sensing



1. What are the fundamentals of end-to-end wireless communications?
• The physical, mathematical, engineering, and design fundamentals
• Why are these systems designed the way they are  

2. How can we use wireless sensing for communications? (converse of last  
lectures) 

3. How do underwater-to-air communication systems work?

Objectives of Today’s Lecture
Learn the fundamentals of communications and 

emerging technologies for underwater-to-air comms



How can we send sensed information from 
underwater to outside the ocean?



Underwater-to-Air Comm Applications
Finding Missing  

Airplanes
Submarine-Airplane 

Communication
Ocean Scientific 

Exploration



Underwater-to-Air Comm Applications

Why is it difficult?



Direct Underwater-Air Communication is Infeasible



Direct Underwater-Air Communication is Infeasible

Wireless signals work well only in a single medium
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Wireless Signals Work Well Only in a Single Medium



Use Acoustic signals? 

Reflects off  
the Surface

Acoustic



Use Acoustic signals? 

Reflects off  
the Surface

Use Radio Signals?

Acoustic

Radio Signals 
Die in Water

Radio



What are today’s approaches for solving 
this problem?



Approach #1: Relay Nodes

Acoustic 
Transceiver

Antenna

Relay

[OCEANS’07, ICC’11, ICC’14, Sensors’14]
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Radio

[ICRA’06, MOBICOM’07, OCEANS’10, ICRA’12]
Approach #2: Surfacing



Technology that Enables Compact Sensors to Wirelessly 
Communicate Across the Water-Air Boundary

How does it work?



Technology that Enables Compact Sensors to Wirelessly 
Communicate Across the Water-Air Boundary

Measure Surface 
Vibration
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Surface 
Vibration

Underwater 
speaker

Acoustic

Translational Acoustic RF Communication (TARF)

RADAR



First technology that enables wireless communication across 
water-air interface

Implemented and tested in practical environments

Deals with practical challenges of communicating across water-
air interface including natural surface waves

Translational Acoustic RF Communication

Theoretically achieves the best of both RF and acoustic signals 
in their respective media



Surface 
Vibration

Underwater 
speaker

RADAR

Acoustic

Key Idea



Can We Sense the Surface Vibration Caused by the 
Transmitted Underwater Acoustic Signal?



Recording the Surface Vibration
Experiment: Transmit Acoustic Signals at 100Hz

Underwater 
Speaker

Water Tank

Water Surface



Recording the Surface Vibration
Experiment: Transmit Acoustic Signals at 100Hz
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Idea: Use RADAR to measure the surface vibration

How Can We Sense Microscale Vibration?

RADAR

Acoustic

Radio

Underwater 
Speaker



Idea: Use RADAR to measure the surface vibration

How Can We Sense Microscale Vibration?

RADAR

Acoustic

Radio

Underwater 
Speaker

Problem: Measuring micrometer vibrations requires 100s 
of THz of bandwidth  Impractical & Costly



Solution: Measure Changes in Displacement Using 
the Phase of Millimeter-Wave RADAR

Underwater 
speaker

RADAR

Radio 
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Pressure 
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Angle 
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Solution: Measure Changes in Displacement Using 
the Phase of Millimeter-Wave RADAR

Underwater 
speaker

RADAR

Phase 
Variation

Pressure 
Wave

10µm

Phase Variation = 0.72degrees
5mm

The phase of the milimeter-wave RADAR encodes  
transmitted information from underwater

!ℎ#$%	=	360× +,-./0123245
6072/24859



Natural Surface Waves Mask the Signal

On Calm Days, Ocean Surface Ripples (Capillary Waves) 

Have 2cm Peak-to-Peak Amplitude

1,000 Times Larger than Surface Vibration 
Caused by the Acoustic Signal (µm)



Natural Surface Waves Can Be Treated as  
Structured Interference and Filtered Out

Acoustic signals  
are transmitted at higher frequencies 100 – 200Hz

Naturally occurring waves  
(e.g., ocean waves) are relatively slow 1 – 2Hz

Frequency
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Structured Interference and Filtered Out

Transmitted Signal

Natural Surface Waves
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Natural Surface Waves Can Be Treated as  
Structured Interference and Filtered Out

Transmitted SignalFiltering alone does not work

Natural Surface Waves



Dealing with Waves

=𝐴𝑛𝑔𝑙𝑒   360 ×
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡h



Dealing with Waves

𝑚𝑜𝑑 360=𝐴𝑛𝑔𝑙𝑒   360 ×
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Dealing with Waves

5mm

 =𝐴𝑛𝑔𝑙𝑒  360 ×
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡h

𝑚𝑜𝑑 360
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Dealing with Waves
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2cm Transmitted 
signal

Trend is Water  
Surface Wave
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Filter

Dealing with Waves
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Dealing with Waves

By treating natural surface waves as structured 
interference, we are able to track and eliminate their 

impact on our signal

Vibration at 100Hz
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0? 1?

How Can We Decode?



Simple Modulation schemes
ON-OFF keying, FM0/Manchester, FSK



Simple Modulation schemes
ON-OFF keying, FM0/Manchester, FSK

0 1 0 1 1

On – Off Keying

0 1 0 1 1

Frequency shift keying (FSK)



Decoding Information

Angle  
Variation 100Hz

Rx

Tx: 100Hz

Rx

200Hz

200Hz

Tx: 200HzUnderwater 
Speaker

RADAR

Bit 0

Bit 1

Surface 
Vibration 100Hz



Standard Modulation Schemes?

The wireless channel

Modulation & Demodulation

Mathematics & Physical Interpretation

Upconversion & Downconversion



The Wireless Channel (Math)

Complex number, I/Q plane, example

Tx Rx

x y = hx

h

(a complex number)

Rx Txchannel

I

Q

|A|

𝜃

h = 𝐴𝑒𝑗𝜃 

E.g., h = 1/4 + i*(1/4)

what are A and theta in 
this example?



Encoding & Decoding
Symbols (+/-1) Example, Preambles, Channel Estimation, Length of Preamble

2. Example channel: x->y

h =
1
4

+
1
4

𝑗

𝐵𝑖𝑡𝑠 = {1,0}
𝑆𝑦𝑚𝑏𝑜𝑙𝑠 = { − 1, + 1}

1. Bits -> Symbols

Bits 0 1 1 0 0

Symbols = X -1 +1 +1 -1 +1

Y = hX -1/4-1/4j 1/4+1/4j 1/4+1/4j -1/4-1/4j 1/4+1/4j

Decoded 
Symbols = X’ 

-1 +1 +1 -1 +1

Decoded bits 0 1 1 0 0

3. Recovered symbols
x'=y/h

4. Decoded bits
How can I estimate the channel?

Pros/Cons of long vs short preamble?



Modulation Schemes
Bits -> Complex number

Q

10

−1 1

I

BPSK : QPSK : 
Q

I

1101

00 01

1

2

𝑗
1

2

−𝑗
1

2

−
1

2

Pros/Cons of BPSK vs QPSK?
other modulation schemes?



The Wireless Channel (Physics)
Cosine (at frequency), 1 path, what happens over the medium (and why),  why not baseband

• Transmit a cosine (at frequency)
Tx Rx

why can’t transmit without cosine?

•What is the channel?

h = 𝐴𝑒𝑗𝜃   = 𝜃
2𝜋𝑑

𝜆
|A|= 

1
𝑑

𝑥 = cos(2𝜋𝑓𝑡) 

y =
1
𝑑

cos(2𝜋𝑓(𝑡 − 𝜏)) 

h =
1
𝑑

𝑒𝑗 2𝜋𝑑
𝜆



Upconversion/Downconversion
How do we recover upon receiving?



Upconversion/Downconversion
How do we recover upon receiving?

𝑑

𝑇𝑥 𝑅𝑥

𝑥 𝑦

h

𝑥 = d . cos(2𝜋𝑓𝑡) 

y = h . 𝑥

yd = 𝑦 ∗ cos(2𝜋𝑓𝑡) 

yd = h . d . cos(0) + h . d . cos(4𝜋𝑓𝑡)

 y = h . d . cos(2𝜋𝑓𝑡)

   yd = Downconverted y

   d = Data (symbols)

LPF{ yd} = h . d    LPF = low pass filter, you can obtain data 
now by normalizing by the channel h



Extensions
Can Tx more frequencies, highest possible rate?



MIMO/Beamforming

• Power from Tx->Rx 
• Multi-antenna transmissions 
• Transmit beamforming / pre-coding 
• Receive beamforming 
• MIMO



Single Tx-Rx
x/y, P_Tx, P_Rx, SNR

y = hx+nx

TX

Ptx = |x |2 = 1

h

Prx = |hx |2 = Ptx |h |2

SNR = 
Ptx |h |2

|n |2 ≈
|h |2

|n |2

RX

y 



Same power, divided across 2 ants
Assume same channel, P_Rx=?, why?

TX1

TX2
y = h1x1+h2x2+n

RX
x1 =

1

2
x

x2 =
1

2
x

h1

h2

Ptotal = P1 + P2 = Ptx

y = (
1

2
h1 +

1

2
h2)x

h1 = h2 = h

y = 2hx
Prx = 2 |h |2 Ptx



More realistic channels: how to precode?
Assume h1 different h2, where to Tx more power?

TX1

TX2
y = h1x1+h2x2+n

RX
x1 =

h*1

|h1 |2 + |h2 |2
x

x2 =
h*2

|h1 |2 + |h2 |2
x

h1

h2

Ptotal = P1 + P2 = Ptx

y =
|h1 |2 + |h2 |2

|h1 |2 + |h2 |2
x + n

y = |h1 |2 + |h2 |2 x + n

Prx = ( |h1 |2 + |h2 |2 )Ptx

Maximal 
Ratio 

Combining



Rx multi-antenna diversity
Two Rx’s, how to combine?

RX1

RX2

TX
h1

h2

y1 = h1x+n

y2 = h2x+n

y =
h*1 y1 + h*2 y2

|h1 |2 + |h2 |2
=

h*1 (h1x + n) + h*2 (h2x + n)

|h1 |2 + |h2 |2
=

( |h1 |2 + |h2 |2 )x + (h*1 + h*2 )n

|h1 |2 + |h2 |2

Prx = ( |h1 |2 + |h2 |2 )Ptx



Interpretation of pre-coding
a) shifting in time, b) on the I-Q plane

h1h2

Geometric addition

Sum:

h*1h*2



Extension to MIMO
high-level diagram, diversity gain

2 TX 2 RX

h11

h22

h21

h12

Gain for Diversity

G = W log(1 + SNR)



Let’s go back to TARF



Throughput Results
Experiment: Vary the Power and Depth of Underwater Transmission
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Throughput Results
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Throughput Results
Experiment: Vary the Power and Depth of Underwater Transmission

TARF’s Optimal 
Adaptation

16QAM
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0

100

200

300

400

-20 -10 0 10 20 30

Th
ro

ug
hp

ut
 (b

ps
)

Signal-to-Noise Ratio (dB)
TARF is a valid communication technology and can adapt 

to different channels



1. What are the fundamentals of end-to-end wireless communications?
• The physical, mathematical, engineering, and design fundamentals
• Why are these systems designed the way they are  

2. How can we use wireless sensing for communications? (converse of last 
2 lectures) 

3. How do underwater-to-air communication systems work?

Objectives of Today’s Lecture
Learn the fundamentals of communications and 

emerging technologies for underwater-to-air comms



Next Class: 3D Reconstruction in NLOS

• 3 papers, all of which are on new systems (2024/2025) on imaging with 
millimeter waves

• Taught by: Laura Dodds

Required (Reviews)

Prep a 1-min pitch for your project idea


