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Mandatory First Slide
What is 6G?
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Some Key Technologies
Outline of this presentation
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Cell-free massive MIMO with dynamic TDD

Massive MIMO channel estimation and tracking

Low resolution ADCs

Energy-efficient mMTC via Grant-free Access

New waveforms

Intelligent Reflecting Surfaces

Other Topics



Cell-Free and Dynamic Time-Division Duplex
A happy marriage!
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• All APs (BSs) process data to/from all UEs

• Dynamic TDD: each AP can independently 
choose to operate in UL/DL in each slot

C1

C2

C3



Two Questions
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• Cell-free with half-duplex APs and dynamic TDD vs. cell-free or cellular 
with full duplex APs?
• Cell free + dynamic TDD = virtual full duplex!

• Pilot design and allocation for cell-free systems?
• All APs are required to estimate all users’ channels



Key Findings
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• HD-CF with many distributed APs and fewer antennas/AP is better than 
FD-massive MIMO cellular (& even FD CF!!)

• Overall, HD-CF has 
• Better rate-region
• Better resilience to interference
• Better 90%ile rate, better fairness

• “Cell-edge” users’ performance improves
• More uniform quality of service across the cell

• Mutually unbiased orthogonal pilots far outperform orthogonal pilot 
reuse [TVT 2022]

HD-CF + DTDD vs. FD-Cellular: TCOM 2022: https://arxiv.org/abs/2110.09968

Cell-free under channel aging: https://arxiv.org/abs/2209.02777, 

https://arxiv.org/abs/2104.10404

https://arxiv.org/abs/2110.09968
https://arxiv.org/abs/2209.02777
https://arxiv.org/abs/2104.10404


Simulation Results
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CF-DTDD >>>> TDD CF & Cellular CF-DTDD >> FD-cellular CF-DTDD better at higher UE load



Massive MIMO Channel Estimation and Tracking
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• Massive MIMO: A key technology for 5G & beyond

• Challenge: getting it to “work” 
• Channel aging

• Lack of reciprocity/calibration imperfections

• Pilot contamination

• Intercarrier interference (in OFDM)

• Intercell interference

• Full duplex: self-interference

•Understand the effect of imperfections

•Develop techniques to mitigate themGoal



Channel Tracking Helps!
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• Uplink massive MIMO with 256 antennas at the BS and 16 UEs/cell

• Carrier frequency 2 GHz, bandwidth 1 MHz

• UE velocity ranging from 10 to 270 kmph (rho = 0.99999 to 0.999)

• Frame duration 1024 symbols

https://ece.iisc.ac.in/~cmurthy/Papers/Ribhu_adapt_MMSE_TSP_Jun2021.pdf, TSP 2021

https://ece.iisc.ac.in/~cmurthy/Papers/Ribhu_adapt_MMSE_TSP_Jun2021.pdf


Giga/Massive MIMO with Low Resolution ADCs
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• Uplink massive MIMO system

– Variational Bayesian inference, a powerful ML technique

– Low resolution ADCs are energy efficient

– New baseband algorithms are fast and guaranteed to converge

J o i n t C h a n n e l E st i m a t i o n a n d S o f t S y m b o l D e c o d i n g

Received Signal

Y p = Q (Z p ) = Q (H X p + W p ) , (2)

Y d = Q (Z d ) = Q (H X d + W d ) , (3)

Bayesian Network Model

X d

ZdHZp

X p

Y p Y d

σ2
w

β

S a i T h o o t a ( S P C L a b ) V a r i a t i o n a l B ay e s A l g o r i t h m s O c t o b e r 2 0 , 2 0 1 9 1 7 / 2 6



Advanced Receiver Algorithms
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• Algorithms for soft-symbol detection
• Unquantized observations (hi-res ADCs), perfect CSIR

• Unquantized observations, statistical CSIR (known covariance)

• Unquantized observations, no CSIR 

• Quantized observations (low-res ADCs), perfect CSIR

• Quantized observations, statistical CSIR (known covariance)

• Quantized observations, no CSIR

• Combined soft symbol detection and channel decoding

• Extension to MIMO-OFDM systems
• Low-res ADCs destroy orthogonality of subcarriers!

• Novel techniques needed: time-domain channel estimation



Sample Result
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• BS with 200 antennas, 50 UEs, 50 training symbols, 450 data symbols, 
3-bit quantization

https://ece.iisc.ac.in/~cmurthy/Papers/Main_QVB_

MIMO_OFDM.pdf, TSP 2022

http://ece.iisc.ac.in/~cmurthy/Papers/Sai_VB_TCO

M_Feb2021.pdf, TSP 2021

https://ece.iisc.ac.in/~cmurthy/Papers/Main_QVB_MIMO_OFDM.pdf
http://ece.iisc.ac.in/~cmurthy/Papers/Sai_VB_TCOM_Feb2021.pdf


Massive Machine-Type Communications
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• Use case: IoT

• Up to 106 devices/km2

• Sporadically send short packets

• Multiple access:
• Grant-free: low overhead

• Non-orthogonal: better spectral efficiency

•How to efficiently manage 
massive multiple access?

•User activity detection, channel 
estimation, and data decoding

Goal



Irregular Repetition Slotted Aloha
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• Slotted Aloha, but with multiple copies txed

• Enabled by successive interference cancelation

• Packet “captures” further improve performance



Challenges: Irregular Repetition Slotted Aloha
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• Synchronization

• User activity detection

• Channel estimation
• Training signal design

• Multiple antennas at the BS

• Accounting for fading and path loss

• Optimizing the repetition distribution

• Performance analysis
• Throughput

• Energy efficiency

• Fairness (or unfairness – prioritized access)

• Age of information

G = 
1 1 0 … 0 0 0
1 0 1 … 0 1 0
⋮ ⋮ ⋮ … ⋮ ⋮ ⋮
0 0 1 … 0 0 1

Pattern Sparsity

Activity Sparsity

Slots

Users



Some Solutions
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• A new user activity detection scheme based on sparse signal recovery 
adapted to the IRSA protocol

• Analysis of the impact of channel estimation errors
• Signal to interference plus noise ratio accounting for user activity detection 

errors, multiple antennas, non-orthogonal training, fading and pathloss, etc

• Throughput analysis with fading and packet capture, with multiple 
antennas at the BS, via density evolution

• Age of information-optimal design of IRSA
S. Saha, V. B. Sukumaran and C. R. Murthy, “On the Minimum Average Age of 

Information in IRSA for Grant-free mMTC,” IEEE JSAC 2021.

C. Srivatsa and C. R. Murthy, https://arxiv.org/abs/2112.07242, TSP 2022

C. Srivatsa and C. R. Murthy, https://arxiv.org/abs/2111.06140, TSP 2022

https://arxiv.org/abs/2112.07242
https://arxiv.org/abs/2111.06140


Takeaways
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• IRSA is a promising candidate for massive MTC
• Grant-free: low overhead

• Non-orthogonal: high spectral efficiency

• Our contributions
• User activity detection 

• Effect of channel estimation
• SINR-threshold based decoding

• Pilot length

• Number of antennas

• Main message: When params. are chosen “well”, 
can get much better than 1 packet/slot!

Longer presentation: 

https://ece.iisc.ac.in/~cmurthy/QINF_Final_Presentation_Chirag_Ramesh_video.mp4

https://ece.iisc.ac.in/~cmurthy/QINF_Final_Presentation_Chirag_Ramesh_video.mp4


New Waveforms
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• Broadband rural communications
• Sub GHz center frequency: wide coverage

• High bandwidth, high velocity support

• The effect of Doppler can be approximated as a frequency shift only 
if and

• Otherwise, delay-scale channel: Transmitter & Channel Model

s(t ) =

N− 1X

n= 0

sBB [n] sinc(B(t − nTs)) ej 2⇡fc t (Transmitted waveform)

rs(t ) =

NpX

p= 1

hp
p
↵ps(↵p(t − ⌧p)) (Propagation channel)

=

NpX

p= 1

hp
p
↵p

N− 1X

n= − L

sBB [n] sinc(B(↵pt − ⌧p − nTs)) ej 2⇡fc↵p t −⌧p

r (t ) = rs(t ) + w(t ) (Received signal)

Arunkumar K.P. (PhD Colloquium) ECE Dept., IISc, Bangalore July 6, 2022 36 / 48



Orthogonal Delay Scale Space Modulation
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• Uses the Mellin Transform

• Mount symbols in the delay-scale domain

https://ece.iisc.ac.in/~cmurthy/Papers/Journal_ODSS_Final_Arun_main.pdf, TSP 2022𝑃 = 20, 𝜏𝑚𝑎𝑥 = 10ms, 𝛼𝑚𝑎𝑥 = 1.001

𝜏𝑚𝑎𝑥𝛿𝑓𝑚𝑎𝑥 = 0.2 < 0.25

7

Fig. 4. ODSS Modulator Representation

Fig. 5. Wideband Channel Representation

The ODSS modulator converts the 2D time-frequency data,

X [n, m], to a 1D continuous time-series, s(t), given by

s(t) =

N − 1X

n = 0

M (n )− 1X

m = 0

X [n, m]qn / 2gtx

✓

qn

✓

t −
m

qn W

◆◆
,

(40)

where gtx(t) is the transmit pulse shaping function of duration

T = 1/ W . The ODSS modulation can be viewed as a map

parametrized by the2D Mellin-Fourier sequence, X [n, m], and

producing s(t) when fed with gtx, i.e., s(t) = ⇧ X (gtx(t)):

s(t) =

ZZ
X (⌧,↵)

p
↵gtx(↵(t − ⌧))d⌧d↵, (41)

where

X (⌧,↵) =

N − 1X

n = 0

M (n )− 1X

m = 0

X [n, m]δ(⌧−
m

qn W
,↵ − qn ). (42)

The above interpretation of the ODSS transform, depicted in

Fig. 4, is helpful in relating the input and output of an ODSS

communication system in the next subsection.

B. ODSS Signal Propagation

The signal, at the ODSS receiver, after propagating through

a wideband delay-scale channel is given by r (t) = r s(t) +

w(t), where r s(t) is as in (1), and w(t) is the additive noise.

We may, equivalently, view the propagation channel as

performing the map ⇧ h (s) : s(t) ! r s(t) as shown in Fig. 5.

Next, we introduce the notion of ! -convolution to describe

the equivalent of the cascade of the ODSS modulator and the

propagation channel.

Thecascade of two delay-scale channels, asshown in Fig. 6,

is equivalent to a single channel, i.e., ⇧ h2
(⇧ h1

(s)) = ⇧ h (s),

where h(⌧,↵) = h2(⌧,↵) ~ ! h1(⌧,↵) and the symbol ~ !
denotes the ! -convolution defined by

h(⌧,↵) =

ZZ
h2(⌧0,↵0)h1

⇣
↵0(⌧− ⌧0),

↵

↵0

⌘
d⌧0d↵0. (43)

Thederivation of theaboveisprovided in thesupplementary

material in Sec. IX-A.

In light of the above result, we may write the signal after

propagation through the channel, r s(t), as

r s(t) = ⇧ h~ ! X (gtx) =

ZZ
f (⌧,↵)

p
↵gtx(↵(t − ⌧))d⌧d↵

Fig. 6. ! -convolution

where f (⌧,↵) is given by (see Sec. IX-B in the supplementary

material):

f (⌧,↵) =
X

n

X

m

X [n, m]h

✓

⌧−
m

↵W
,
↵

qn

◆
q− n .

The received signal is, therefore, a result of passing the

transmit pulse shaping function through an equivalent channel

parameterized by the ! -convolution of the physical channel

and the data dependent 2D delay-scale signal. Fig. 7 depicts

this interpretation. The signal received by the ODSS receiver,

including the additive noise w(t), is given by

r (t) = r s(t) + w(t) = ⇧ h~ ! X (gtx(t)) + w(t). (44)

C. ODSS Receiver

The ODSS receiver performs ODSS demodulation followed

by equalization and symbol decoding. ODSSdemodulation isa

two step process: extracting the transmitted scale-delay signal

followed by an inverse ODSS transform. We describe the two

steps in the following two subsections.

1) Scale-delay signal extraction: The scale-delay signal is

extracted by sampling the cross-ambiguity function between

the received signal and the pulse shaping function at the

receiver side. The demodulated scale-delay signal is given by

Ŷ [n, m] = Agrx,r (⌧,↵)|⌧= m
qn W

,↵= qn , (45)

where

Agrx,r (⌧,↵) ,

Z
g⇤rx (↵(t − ⌧))

p
↵r (t)dt

= Agrx,r s
(⌧,↵) + Agrx,w (⌧,↵). (46)

It is shown in the supplementary material, Sec. IX-C, that

Agrx,r s
(⌧,↵) =

X

n

X

m

X [n, m]Hn ,m (⌧,↵), (47)

where

Hn ,m (⌧,↵) =

ZZ
h(⌧00,↵00)

⇥Agrx,gtx

✓

↵00qn

✓

⌧−
m

↵00qn W
− ⌧00

◆
,

↵

↵00qn

◆
d⌧00d↵00.

We assume that

1) the channel response has a finite support, i.e., h(⌧,↵) is

non-zero only for −⌧max ⌧ ⌧max and 1
↵m ax

↵
↵max , where ↵max ≥ 1, and

2) robust bi-orthogonality holds between the transmit and

receive pulses in the following manner. The cross-

ambiguity function vanishes in the neighborhood of all

lattice points ( m
qn W

, qn ) except (0, 1) corresponding to

m = 0 and n = 0. That is, Agrx,gtx
(⌧,↵) = 0 for ⌧2

8

Fig. 7. Received ODSS signal

( m
qn W

− ⌧max , m
qn W

+ ⌧max ) and ↵ 2 (qn / ↵max , qn↵max )

except when m = 0 and n = 03.

Then, on sampling at ⌧= m 0

qn 0 W
and ↵ = qn 0 , we find that

Hn ,m [n0, m0] = 0 whenever n 6= n0 or m 6= m0, and

Hn 0 ,m 0
[n0, m0] =

ZZ
h(⌧0,↵0)

⇥Agrx,gtx

✓

qn 0

✓
m0

qn 0 W
(↵0− 1) − ↵0⌧0

◆
,

1

↵0

◆
d⌧0d↵0.

(48)

so that the noise free part of the extracted scale-delay signal

is given by

Agrx,r s
[n0, m0] = H n 0 ,m 0

[n0, m0]X [n0, m0]. (49)

Consider, for example, a channel without delay and Doppler

spread: h(⌧,↵) = h0δ(⌧,↵ − 1). In this case, we find:

Hn ,m (⌧,↵) = Agrx,gtx

⇣
⌧− m

qn W
, ↵

qn

⌘
. Upon sampling at

⌧= m 0

qn 0 W
and ↵ = qn 0 , due to robust bi-orthogonality,

Hn ,m [n0, m0] = 0 whenever n 6= n0 or m 6= m0, and

H n 0 ,m 0
[n0, m0] = h0Agrx,gtx

(0, 1) = h0,

so that, in this special case, the noise free part of the extracted

scale-delay signal is given by

Agrx,r s
[n0, m0] = h0X [n0, m0]. (50)

Therefore, for an ideal channel without delay and Doppler

spread, the ODSS scheme produces a constant gain for all

signal components in the extracted delay-scale domain.

In general, wefind from (49) that the ODSS scheme leads to

an ISI free, time-independent, scalar complex channel gain for

each delay-scale domain output at the receiver. The extracted

delay-scale signal at the ODSS receiver is, therefore, given by

Ŷ [n, m] = Hn ,m [n, m]X [n, m] + W [n, m], (51)

where W [n, m] = Agrx,w (⌧,↵)|⌧= m
q n W

,↵ = qn is the additive

noise in the discrete delay-scale space.

To avoid ICI, and hence obtain (49), we need to

3Bi-orthogonality cannot be satisfied exactly; our choice of waveforms for
ODSS implementation is discussed in Section VI

1) choose q such that:

qn 0

↵00qn
/2 ↵− 1

max , ↵max , (52)

8↵00 2 ↵− 1
max ,↵max , whenever n0 6= n, and

2) choose q and W such that:

↵00qn

✓
m0

W
−

m

↵00qn W
− ⌧00

◆
/2 (−⌧max ,⌧max ) , (53)

8⌧00 2 (−⌧max ,⌧max ) and ↵00 2 ↵− 1
max ,↵max , whenever

m0 6= m.

We first choose the geometric sampling ratio, q, to meet

the condition in (52). If n0 > n, we want qn 0− n ≥ ↵max↵00,

which issatisfied if: 8n0 > n, qn 0− n ≥ ↵2
max , i.e., if q ≥ ↵2

max .

Similarly, if n0 < n, we require qn 0− n ↵00↵− 1
max which is

met if: 8n0 < n, qn 0− n ↵− 2
max , i.e., if q ≥ ↵2

max . Therefore,

we may choose

q = ↵2
max . (54)

Clearly, since ↵max ≥ 1, we have q ≥ 1. Aside, we

also note that the choice of q in (54) together with the

robust bi-orthogonality property renders Agrx,gtx
(⌧,↵) = 0,

↵ /2 ↵− 1
max ,↵max .

Next, with q as in (54), wechoose W to satisfy the condition

in (53). The condition in (53) is equivalent to

inf
(⌧00,↵ 00)2 S

↵00↵2n
max m0− m − ↵00↵2n

max⌧
00W ≥ W⌧max ,

(55)

whenever m0 6= m, where S , { (⌧00,↵00) : ⌧00 2

(−⌧max ,⌧max ) ,↵00 2 ↵− 1
max ,↵max } . The condition in (55)

places an upper bound on W , as we shall soon see.

First, consider a channel without Doppler, i.e., ↵max = 1,

in which case the condition in (55) specializes to

inf
(⌧00,1)2 S

|m0− m − ⌧00W| ≥ W⌧max , (56)

whenever m0 6= m. The condition in (56), for a Doppler-free

channel, is satisfied if we choose

W
1

2⌧max

. (57)

This implies that the duration of the transmitted signal, s(t),

must be larger than 2M ⌧max in a Doppler-free channel having

a delay spread of 2⌧max . The choices W = 1
2⌧m ax

and q = 1

for a Doppler-free channel, and the robust bi-orthogonality

property, render the cross ambiguity Agrx,gtx
(⌧, 1) = 0, ⌧ /2

(−⌧max ,⌧max ). Notice that, for a Doppler-free channel, with

the choice of q = 1 we must use N = 1 and the ODSS mod-

ulation scheme defaults to asymmetric OFDM (A-OFDM),

which is a scheme that converts delay-spread channels into

a single tap complex channel in the Fourier domain. This

behavior is very similar to the OTFS modulation scheme [5].

Finally, we discuss the choice of W in ODSS modula-

tion for a doubly-spread delay-scale channel that is both

delay-spread and Doppler-distorted. Let m0 > m. Now, if

the condition in (55) is satisfied by m0 = m + 1, then

it will be satisfied by every m0 > m. The expression

↵00↵2n
max m0− m − ↵00↵2n

max⌧
00W , in (55), is minimized by

↵00 = ↵− 1
max and ⌧00 = ⌧max , when W is such that

https://ece.iisc.ac.in/~cmurthy/Papers/Journal_ODSS_Final_Arun_main.pdf


IRS-Assisted Opportunistic User Scheduling
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Channel model:

Randomly configure the IRS phase angles in every time slot, and schedule 
the user with highest PF metric for transmission

Randomly chosen IRS configuration will be close to the 
beamforming (BF) configuration for at least one of the users

* ArXiv: https://arxiv.org/pdf/2203.06313

https://arxiv.org/pdf/2203.06313


Performance
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Rate scaling law:
Optimal Random Distribution:



Other Topics
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• Joint communications and sensing

• Upper mid-bands: channel modelling, giga-MIMO

• Quantum communications/learning

• Non-terrestrial (e.g., satellite) networks

• AI/ML based network orchestration

• And many more…



Thank You
cmurthy@iisc.ac.in
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