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bands (30 GHz+) 

• Real-time - low latency (1ms) 
• high reliability 
• Scalability 
• Low energy 
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5G – THREE SYSTEMS IN ONE
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v G. Fettweis, S. Alamouti, “5G: Personal mobile internet beyond what cellular did to telephony,” IEEE Commun. Mag., Feb. 2014.
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M2M sensing devices, as well as 1 ms real-time
latency (Fig. 5) to meet requirements for tactile
control. 

As all three dimensions may not need to be
addressed simultaneously for any class of service, it
can be assumed that it is feasible to design a new
5G system that can meet these differing require-
ments, and that it may differ greatly from 4G LTE:
• Cellular communications with data rates of

10 Gb/s can enable ubiquitously available
immersive virtual reality at levels not fore-
seen.

• Context awareness and personalization built
into all devices and services can transform
the way we communicate as humans.

• It is most likely that we will have various
access schemes to fulfill all our communica-
tions needs. These schemes need to become
highly integrated and coordinated to pro-
vide a seamless experience to users and
applications.

• Communicating sensors embedded in our
environment can enable a host of new ser-
vices. We can move from cellular/wireless
data communications to a new level of wire-
less monitoring.

• A round-trip latency of 1 ms can potentially
move the world from enjoying today’s wire-
less communication systems into the new
world of wireless control systems: the Tactile
Internet. It will dramatically change our life,
impacting all aspects of application areas such
as health, safety, traffic, education, sports,
games, and energy. For a first overview on
application areas and challenges see [12].

* Discussions on setting the stage for LTE
and beyond shows that a new physical layer
may be needed, possibly parting from
OFDMA and embracing new concepts such
as generalized frequency-division multiplex-
ing or filter bank multi-carrier [13].
The result may be a revolutionary leap from

today’s wireless communications to personalized
context-based communications and future moni-
toring and control networks. The future oppor-
tunities in mobile communications are larger
than anyone can foresee. What we experience
today is only the very first glimpse. Obviously,
with challenges as pointed out here, 5G cellular
communication will be another paradigm shift
that will redefine our future, impacting our soci-
eties in ways that cannot be foreseen.
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Figure 5. The wireless network moving from communications of content to
monitoring to control. The dashed lines indicate that applications allow for a
trade-off between the three depicted criteria of optimization: speed, response
time, and operation endurance.
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• eMBB, enhanced Mobile Broad band
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• Manufacturing processes
• human-robot interaction (1ms)
• robot-robot interaction (100µs)

• CO2 efficient public transport
• Wireless railway safety systems (99,99999%)
• Control links for urban air transport

Ø Challenges: Low-latency and high reliability 
for mobile devices.

TIME SENSITIVE APPLICATIONS

5
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2 > The Tactile Internet (August 2014) 

Introduction 
Mobile data communication is omnipresent. The Mobile Internet connects people anywhere and allows 
for voice services and the exchange of data and multimedia content at any time. Numerous innovations in 
the information and communication technology (ICT) sector have enabled exponential growth in network 
capacity, leading to the emergence of smartphones and a user-experience rich in multimedia.  

The Internet of Things (IoT) connects devices, or objects, to increase their efficiency by exploiting the 
potential of networking. The next wave of innovation will create the Tactile Internet. 

Extremely low latency in combination with high availability, reliability and security will define the 
character of the Tactile Internet. It will have a marked impact on business and society, introducing 
numerous new opportunities for emerging technology markets and the delivery of essential public 
services. 

This report outlines the potential of the Tactile Internet, exploring its promise in application fields ranging 
from industry automation and transport systems to healthcare, education and gaming. It goes on to 
describe the Tactical Internet’s demands on future digital infrastructure and its expected impact on 
society, concluding with a brief discussion of the role to be played by the ITU framework. 

1. Vision Tactile Internet – An Important Future Innovation Area 
Human beings’ interaction with their environment is crucial. Our senses allow us to perceive our 
environment and decide whether to adapt ourselves to that environment or modify it (changing our 
environment). Our perceptual processes limit the speed of our interaction with our environment. We 
experience interaction with a technical system as intuitive and natural only if the feedback of the system 
is adapted to our human reaction time. Consequently, the requirements for technical systems enabling 
real-time interactions depend on the participating human senses. 

Figure 1: Order of magnitude of human reaction times1 

 

 

Human reaction times depend on the sensory stimulus and whether the human is prepared or 
unprepared for the situation (Figure 1).  

When reacting to a sudden, unforeseen incident, the time-lag between a human sensing a stimulus and 
responding with a muscular reaction is in the range of 1 second. 

For technical applications to match humans’ interaction with their environment, our natural reaction 
times set the targets that technical specifications must meet.  

                                                             
1  Image: Fettweis, G.; Alamouti, S., "5G: Personal Mobile Internet beyond What Cellular Did to Telephony," 
Communications Magazine, IEEE , vol. 52, no. 2, pp. 140-145, February 2014 



• 4G (LTE) – OFDM modulation with fixed parameters
• 5G – OFDM with flexible parametrization – adapted to bandwidth and latency requirements

5G NEW RADIO (NR) – VARIABLE LATENCY
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The NR frame structure is illustrated in Fig. 2. 
A 10 ms radio frame is divided into ten 1 ms sub-
frames. A subframe is in turn divided into slots 
consisting of 14 OFDM symbols each, that is, the 
duration of a slot in milliseconds depends on the 
numerology. Thus, for the 15 kHz subcarrier spac-
ing, an NR slot has the same structure as an LTE 
subframe, which is beneficial from a coexistence 
perspective. Since a slot is defined as a fixed num-
ber of OFDM symbols, a higher subcarrier spac-
ing leads to a shorter slot duration. In principle, 
this could be used to support lower-latency trans-
mission, but as the cyclic prefix also shrinks when 
increasing the subcarrier spacing, it is not a feasi-
ble approach in all deployments. Therefore, NR 
supports a more efficient approach to low latency 
by allowing for transmission over a fraction of a 
slot, sometimes referred to as “mini-slot” trans-
mission. Such transmissions can also preempt an 
already ongoing slot-based transmission to anoth-
er device, allowing for immediate transmission of 
data requiring very low latency. 

Having the flexibility of starting a data trans-
mission not only at the slot boundaries is also 
useful when operating in unlicensed spectrum. 
In unlicensed spectrum the transmitter is typically 
required to ensure that the radio channel is not 
occupied by other transmissions prior to starting a 
transmission, a procedure commonly known as lis-
ten-before-talk. Clearly, once the channel is found 
to be available, it is beneficial to start the transmis-
sion immediately, rather than wait until the start of 
the slot in order to avoid some other transmitter 
initiating a transmission on the channel. 

Operation in the mmWave domain is anoth-
er example of the usefulness of mini-slot trans-
missions as the available bandwidth in such 
deployments often is very large, and even a 
few OFDM symbols can be sufficient to carry 
the available payload. This is of particular use 
in conjunction with analog beamforming, dis-
cussed further below, where transmissions to 
multiple devices in different beams cannot be 
multiplexed in the frequency domain but only 
in the time domain.

Unlike LTE, NR does not include cell-specific 
reference signals but solely relies on user-specific 
demodulation reference signals for channel esti-
mation. Not only does this enable efficient beam-
forming and multi-antenna operation, as discussed 
below; it is also in line with the ultra-lean design 
principle described above. Reference signals are 
not transmitted unless there is data to transmit, 
thereby improving network energy performance 
and reducing interference.

Support for low latency is an important part 
of NR that impacts many of the design details. 
One example is “front-loaded” transmissions (bot-
tom, Fig. 2). By locating the reference signals and 
downlink control signaling carrying scheduling 
information at the beginning of the transmission 
and not using time-domain interleaving across 

OFDM symbols, a device can start processing the 
received data immediately without prior buffering, 
thereby minimizing the decoding delay. 

Duplex Schemes
The duplex scheme to use is typically given by 
the spectrum allocation at hand. For lower fre-
quency bands, allocations are often paired, imply-
ing frequency-division duplex (FDD). At higher 
frequency bands, unpaired spectrum allocations 
are increasingly common, calling for time-division 
duplex (TDD). NR will, similar to LTE, support 
both duplexing methods. However, unlike LTE 
where the TDD uplink-downlink allocation does 
not change over time, NR supports dynamic TDD 
as a key technology component. In dynamic TDD, 
(parts of) a slot can be dynamically allocated to 
either uplink or downlink as part of the schedul-
er decision. This enables following rapid traffic 
variations, which are particularly pronounced in 
dense deployments with a relatively small number 
of users per base station. The device follows any 
scheduling decisions, and it is up to the network 
scheduler to, if necessary, coordinate the schedul-
ing decisions between neighboring sites to avoid 
unwanted interference situations. There is also a 
possibility to semi-statically configure the transmis-
sion direction of some of the slots, a feature that 
can allow for reduced device energy consump-
tion as it is not necessary to monitor for downlink 
control channels in slots that are a priori known to 
be reserved for uplink usage.

Channel Coding
Channel coding for NR data transmission is based 
on low-density parity check (LDPC) codes [5]. 
LDPC codes are attractive from an implemen-
tation perspective, especially at multi-gigabits-
per-second data rates. Hybrid automatic repeat 
request (ARQ) retransmission using incremental 
redundancy is used, similar to LTE, where the net-
work can retransmit erroneously received data 
and the device combines the soft information 
from multiple transmission attempts. 

For the physical layer control channels, for 
which the information blocks are small compared 
to data transmission and hybrid ARQ is not used, 
polar codes [6] have been selected. For the small-
est control payloads, Reed-Muller codes are used.

Scheduling, Data Transmission, and 
Control Channels

The basic way of controlling data transmission in 
NR is scheduling in a similar way as in LTE. Each 
device monitors a number of physical downlink 
control channels (PDCCHs), typically once per 
slot although it is possible to configure more fre-
quent monitoring to support traffic requiring very 
low latency. Upon detection of a valid PDCCH, 
the device follows the scheduling decision and 
receives (or transmits) one unit of data, known as 
a transport block in NR.

The PDCCHs are transmitted in one or more 
control resource sets (CORESETs) each of length 
one to three OFDM symbol(s). Unlike LTE, where 
control channels span the full carrier bandwidth, the 
bandwidth of a CORESET can be configured. This 
is needed in order to handle devices with different 
bandwidth capabilities and also in line with the princi-
ples for forward compatibility discussed above. 

Table 1. Subcarrier spacing for different frequency ranges.

Frequency band Subcarrier spacing Maximum bandwidth

0.45 GHz–6 GHz 15/30/60 kHz 50/100/200 MHz

24 GHz–52.6 GHz 60/120 kHz 200/400 MHz

Authorized licensed use limited to: AIT Austrian Institute of Technology. Downloaded on October 06,2020 at 07:53:50 UTC from IEEE Xplore.  Restrictions apply. 

v S. Parkvall, E. Dahlman, A. Furuskar, and M. Frenne, “NR: The new 5G radio access technology,” IEEE Communications Standards Magazine, vol. 1, no. 4, pp. 24–30, 2017.

v Qualcomm, „Designing 5G NR“, white paper, April 2018 .
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Ø requires adaptive beamforming towards mobile users
Ø easy blocking by other objects in line of sight (no diffraction around corners)

MMWAVE – NEW SPECTRUM – 30 GHZ

7v A. Molisch, „Recent results in outdoor mm-wave and THz channels,“ keynote, 1st Post IRACON Workshop, 2020.
v Qualcomm, „Making 5G NR mmWave a commercial reality,“ white paper, 2018.





AIT 6G RESEARCH

6G Use cases
§ Holographic presence – 4 Tb/s data rate / user
§ Connectivity of all Things – low energy consumption, backscattering
§ Time sensitive applications – ultra low latency of 100µs and 99,99999% reliability

New Technology Goals/Needs
§ Maximize reliability by exploiting diversity
§ Reduce energy consumption

Funding framework:   Principal scientist project, 2.5M€, runtime 2021-2025, 16 FTE.
Web: https://dedicate.ait.ac.at
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insights, and opportunities,” arXiv preprint arXiv:2008.03213, 2020.
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• Reliability: 10-9 packet error rate (PER)
• Burst error < 3 packets

Wireless communication channels  strength 
varies over time (fading)

WIRELESS AUTOMATION AND CONTROL
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Multiple input multiple output (MIMO) systems

2 x 2 MIMO system can have diversity order 4

SPATIAL DIVERSITY TO IMPROVE RELIABILITY
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of the diversity order [24]
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where tr denotes the trace operator and k · kF denotes the
Frobenius norm. Note that 1  4 for a 4⇥4 correlation
matrix. In our experiments, the respective correlation matrix
with integer-value  is chosen such that its trace is 4 and it
has  nonzero eigenvalues, all of which are equal.

Measuring rates in the targeted range around 10�9 is a rare
endeavour because of the enormous number of packet trans-
missions required before a certain precision can be reached.
In the measurements presented here, the available resources
allowed for the transmission of up to 1.1·109 packets at a few
selected measurement points. With 0–2 packet errors in such
an ensemble, a precise rate cannot be deducted, but it is evident
that an ultralow error rate around or not far from the targeted
range was achieved. The ultralow-PER results are summarized
in Table I. In order to link them with the respective PER
curves in higher PER domains, the ultralow-PER results are
also added as text boxes in Fig. 3–5, and the measured PER
curves are extrapolated (with dashed lines) into the ultralow
PER domain to illustrate the qualitative message.

Table I also contains the emulated mean path loss at each
of the given measurement points, i.e., the difference between
the transmit power of 10 dBm and the average of the measured
received signal power, which fluctuates strongly due to fading.
Like the mean path loss, the mean signal-to-noise ratio (SNR)
is also determined by setting the attenuation parameter of
the emulator. With increasing path loss, the SNR decreases
accordingly, as can be seen in the table. Table I shows that
PERs in the targeted range can be achieved with a mean path
loss of up to 66–70 dB (and a measured mean SNR of 30–
34 dB), depending on the diversity order. A channel sounding
campaign that investigated the MIMO channel between two
of our transceivers in an exemplary industrial production hall
setting (see [25] for details) found mean path loss values of
at most 43.6 dB at a distance of up to 9.59m, indicating that
the targeted distance of 15m should correspond to a path loss
well below 65 dB and, consequently, a PER below 10�9.

In Fig. 3, the effect of different degrees of correlation among
the 2⇥ 2 MIMO subchannels is compared. The rms delay
spread is fixed at 75 ns. The curves show that the transceivers
effectively exploit MIMO diversity to lower the error rate
curve, with a fairly good proportional match of the log-scale
curves with the diversity order  . In the absence of MIMO
diversity (i.e.,  = 1), which is equivalent to a single-input-
single-output (SISO) scenario, the targeted ultralow PER of
1.45 · 10�9 is not achieved, since there is an error floor at
about 10�6. When  is increased to 2, the error floor is
clearly lowered so much that rates in the region of 10�9 are
attainable. It follows that only fairly moderate MIMO diversity
is required for letting the transceivers achieve the targeted
PER. An analysis of the channel sounding campaign from [25]
with two of our transceivers in a production hall revealed  
values of typically 2–2.75, with the 1st percentile at 1.53. Note,
however, that these results are based on mixed line-of-sight
(LOS) and NLOS scenarios. In NLOS settings as considered
here,  can be expected to be larger.

TABLE I
ULTRALOW-ERROR-RATE MEASUREMENTS

Parameters
Mean

Packet errors

MIMO Path
SNR

3
in 1.1·109

see Fig.
TX mode correlation1 loss2 packets

Standard Order 2 66 dB 34 dB 2 3
Standard Order 3 68 dB 32 dB 0 3,4
Standard Order 4 70 dB 30 dB 0 3

Low data rate4 Order 3 78 dB 22 dB 0 5

1Diversity order is defined in (1).
2Mean path loss of the emulated channel, i.e., the difference between the
transmit power of 10 dBm and the average of the measured received signal
power (which fluctuates due to fading).

3The measured mean SNR scales inversely with the mean path loss.
4In low-data-rate mode, the data rate is reduced for the benefit of more
robust coding and modulation (QPSK instead of 64-QAM).

Diversity order 1 (= No MIMO Diversity)

Diversity order 2

Diversity order 3

Diversity order 4 (= Uncorrelated MIMO)

AWGN

Different 2x2 MIMO fading correlations:

Order-3 measurement at 32dB SNR:
 0 errors in 1.1e9 packets

Order-2 measurement at 34dB SNR:
 2 errors in 1.1e9 packets

Order-4 measurement at 30dB SNR:
 0 errors in 1.1e9 packets
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Fig. 3. Measured performance of the transceivers in Clarke’s fading with
rms delay spread 75 ns and Doppler spread 68Hz. The ultralow-error-
rate measurements presented in the colored boxes are associated with the
corresponding curves through the dashed lines (which are extrapolations).
Diversity order is defined in (1).

Fig. 4 shows how the transceivers’ performance depends on
the rms delay spread of the channel. The MIMO subchannels
correlation is fixed at diversity order 3. It can be seen that
the transceivers effectively exploit the delay diversity to lower
the error rate curve. The channel sounding campaign of [25]
found smaller rms delay spreads, typically in the range of
15–30 ns. However, as mentioned above, these measurements
contain mixed LOS and NLOS scenarios. In NLOS settings as
considered here, the delay spread can be expected to be larger.
The transmit bandwidth of 16.25MHz used by the transceivers
correponds to a temporal resolution of about 60 ns, which
limits the possibilities of exploiting very small delay spreads.

In Fig. 5, the performance of the transceivers in low-data-
rate mode is studied. In this mode, the raw data rate is
reduced to 432 kbit/s for the benefit of more robust coding
and modulation (QPSK instead of 64-QAM). Again, only one
of the 10 available time slots is used. As in Fig. 3, different

v G. Kail, H. Muhr, J. Gila, M. Schiefer, R. Hladik, M. Hofer, S. Zelenbaba, and T. Zemen, „A highly reliable ultralow-latency wireless solution for industrial control loops: 

Design and evaluation,“ in Asilomar Conference on Signals, Systems, and Computers (ASILOMAR), hybrid conference, Pacific Grove (CA), USA, November 2021.



MASSIVE MIMO PRINCIPLE

12

(c) Ove Edfors, Lund University

v D. Löschenbrand, M. Hofer, and T. Zemen, „Orthogonal precoding with channel prediction for high mobility massive MIMO,“ in IEEE 
International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC), virtual conference, September 2020.
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MOBILITY-AWARE MASSIVE MIMO

• Learn channel U1 + mobility
• Learn channel U2 + mobility
• Inverse + channel prediction and precoding
Enables high-mobility use-cases with high reliability

v D. Löschenbrand, M. Hofer, and T. Zemen, „Orthogonal precoding with channel prediction for high mobility massive MIMO,“ in IEEE 
International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC), virtual conference, September 2020.



• NR foresees flexible slot/symbol allocation
• Dedicated mode for massive MIMO

• 4 UL sounding reference signals (SRS)
Ø Timely channel data for beam forming

• MARCONI approach
1. 2D orthogonal precoding
2. Channel prediction

Ø RESULT: 3 orders of magnitude gain in BER

MASSIVE MIMO
PREDICTION AND PRECODING

14
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Fig. 5. Simulated BER for a massive MIMO system employing
the considered prediction methods without precoding and with DSFT
precoding. The prediction horizon is 0.8� at a velocity of 160 km/h
and a frequency of 3.5GHz, and the number of BS antennas A = 64.
A significant performance gain is achieved through OP.
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Fig. 6. Simulated BER over block length M in time for A = 64 BS
antennas, a velocity of 160 km/h and Eb/N0 = 6dB.

making high quality prediction algorithms a particularly
relevant extension to massive MIMO systems in highly
time-variant scenarios.

Figure 6 shows the dependence of the BER on the
block length M in time for A = 64 BS antennas, a fixed
velocity of 160 km/h and an SNR of Eb/N0 = 6dB

using DSFT OP. We can observe that, for Wiener and
polynomial prediction, the lowest BER is not achieved
with the smallest prediction horizon M = 8 as would be
expected without precoding, but with the increased block
size M = 14. This effect arises due to the increased
time-frequency diversity that is harvested by the OP
method and that successfully compensates for increased
prediction errors towards the end of the slot. We con-
clude that for a given velocity and the corresponding
spatial prediction horizon there exists an optimal block
length M that entails small prediction errors and large
diversity gains.

V. CONCLUSION

We investigated the combination of OP and various
CSI prediction methods in a massive MIMO single
user down-link system. We showed that the prediction
quality of simple polynomial prediction is similar to

the Wiener filter with empirical data from a vehicular
measurement campaign. Link-level simulations showed
polynomial and Wiener CSI prediction significantly im-
proves (> 5 dB) BER performance of our system in
time-variant scenarios compared to constant or linear
prediction. Additional utilization of OP further decreases
the BER and enables approaching the performance of
the system with perfect channel knowledge to within
2 dB (1 dB) for polynomial (Wiener) prediction for a
velocity of 160 km/h. We show there is a trade-off
between increased time-frequency diversity utilization
and decreased predicted CSI quality for increasing block
length in time.
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microwavemodulators can efficiently shape, in a passiveway,
complex existing microwave fields in reverberating envi-
ronments with a non-coherent energy feedback. In particu-
lar, the authors showed that binary-only phase state tunable
meta-surfaces allow one to obtain a good control of thewaves,
owing to the random nature of the EM fields in complex
media. Subsequent research works from the same group of
researchers can be found in [43], [44].

Another approach for obtaining reconfigurable and smart
reflect-arrays is to use varactor-tuned resonators [45],
as shown in Fig. 4. The idea of this implementation is to
change the resonant frequency of the available patches by
electronic tuning instead of changing the resonator dimen-
sions as done in non-reconfigurable reflect-arrays. In this
setup, a tunable capacitor (varactor) is used in each reflector
unit and a tunable phase shift is obtained by adjusting the
bias voltage applied to the varactor in order to change its
capacity. Using this approach, a smart reflector with 48
patch elements is constructed in [46]. In particular, the EM
response of the patch elements can be altered by using micro-
controllers, which generate input signals to tune the varactors
and to change the phase of the reflected signal. A more
advanced reflect-array with 224 reconfigurable patches is
designed in [47] for application to 60 GHz WiFi signals,
which is made of electronically-controlled relay switches.
In this implementation, each reflector can be turned on and off
according to the status of its switch. A beam searching-based
reflect-array control algorithm is introduced as well, where
the access point (AP) and the reflect-array perform beam
searching to ensure amaximized signal quality at the intended
user. Due to hardware limitations, however, a binary phase
control (two possible phases) is considered, which causes a
degradation of the received signal-to-noise ratio (SNR).

The concept of HyperSurfaces is based on coating objects,
such as walls or furniture, with thin sheets of EM mate-
rial that enable one to control the EM behavior of a wire-
less environment through software [22]. The HyperSurfaces
belong to the family of software-controlled meta-surfaces.
Depending on the states of electronic switches that are
embedded throughout the meta-surface, the distribution of
the current can be controlled, which enables the meta-surface
to adapt its response depending on the impinging radio
wave and on the desired response. From this perspective,
one can easily notice the conceptual similarity between this

FIGURE 5. Reflection from an RIS in a dual-hop communication scenario
without a line-of-sight path between S and D.

implementation of a meta-surface and reconfigurable anten-
nas, in which the resulting radiation pattern is altered by
changing the current distribution. In [22], the constituent
meta-surfaces depicted in Fig. 2 are referred to as ‘‘tiles’’,
which are rectangular structures that can realize functions
such as wave steering, wave polarization, and wave absorp-
tion, in a software-defined fashion. In simple terms, a Hyper-
Surface tile supports various software-defined EM functions,
which can be programmed in software by setting the direction
of the incident wave, the direction of the intended reflection,
and the frequency band of interest, etc.

Liquid-crystal reconfigurable meta-surface-based reflec-
tors are proposed in [48] by exploiting electronically tun-
able liquid crystals to enable the real-time reconfigurabil-
ity of the meta-surfaces for beam steering. By varying DC
voltages on microstrip patches of liquid crystal loaded unit
cells, the effective dielectric constant of each unit can be
adjusted. Consequently, the phase shifts at various locations
of a meta-surface can be controlled in real-time and the
reflected wave can be manipulated.

IV. CONTROLLING THE MULTIPATH THROUGH
RECONFIGURABLE INTELLIGENT SURFACES
In this section, we present the system model of a generic
RIS-based single-input single-output (SISO) scheme and
introduce a unified framework for the calculation of the
symbol error probability (SEP) through the derivation of the
received SNR distribution. The block diagram of the con-
sidered RIS-based transmission scheme is shown in Fig. 5,
where hi and gi are the fading channels between the
single-antenna source (S) and the RIS, and between the RIS
and the single-antenna destination (D) for the ith reflecting
meta-surface (i = 1, 2, . . . ,N ), and N is the number of
reflecting meta-surfaces of the RIS. Under the assumption
of Rayleigh fading channels, we have hi, gi ⇠ CN (0, 1),
where CN (0, � 2) stands for complex Gaussian distribution
with zero mean and � 2 variance. For clarity, we empha-
size that, as usual practice, the path-loss is not considered
in the fading coefficients hi and gi, since it is implicitly
taken into account in the (receiver) SNR that is defined in
further text. Therefore the structure of the RIS is similar
to that depicted in Fig. 2, and we assume that it provides
adjustable phase shifts that are controlled by and programmed
through a communication-oriented software. In our analysis,
we assume perfect knowledge of the channel phases of hi
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in the Hamiltonian.5 Since our microwave synthesizer is
limited to 3:2 GHz, this shift of the frequency transition
allows a larger useful frequency range, and we have thus
chosen to work in that configuration. According to Eq. (3),
the presence of the transverse magnetic field also induces a
hyperbola shape of the Zeeman shift as a function of B== as
can be observed in Fig. 1(e). However, this effect is limited to
small values of B== around zero, since it involves B? at fourth
order. For most of the useful range, the Zeeman shift can be
considered as linear.

If we now move from the anticrossings to the left side of
the figure where the magnetic field is high, we can observe a
nonlinear Zeeman shift for three of the pairs. This also can
be attributed to a non-negligible transverse component of the
magnetic field5 with respect to the crystallographic axes. For
one of the pairs, the Zeeman shift is mostly linear, which
indicates that the magnetic field is well aligned with the
ðN " VÞ axis, here referred as direction ðaÞ. The effect of
the slight residual transverse magnetic field is to induce a
mixing of the spin states which results in a small decrease of
the photoluminescence contrast,5 as can be seen on Fig. 1(e).
Despite the complexity of the figure, we can select an area
where only one resonance ðaÞ is present. There, a bijection is
established between the resonance frequency and the posi-
tion along the ðxÞ axis, delimited by the blue oval on Fig.
1(e). The maximum frequency range we obtained goes from
1:9 to 2:5 GHz. The corresponding 600 MHz bandwidth is
comparable to that obtained in Ref. 1 (714 MHz). It is
smaller than the 20 GHz bandwidth reported for systems
working at cryogenic temperature,2,3 but there are several
improvement perspectives as discussed in the following.

Our system is aimed at analyzing the spectral distribution
of an unknown signal occurring in its frequency bandwidth.
To illustrate that capability, a first demonstration is performed
measuring the whole frequency spectrum of a reference signal

that is generated multiplying a carrier signal at 2:2 GHz by a
modulation signal at 40 MHz. This amplitude modulated sig-
nal is first characterized by a conventional spectrum analyzer.
Its two side bands, at 2:16 GHz and 2:24 GHz, have a power
around 0 dBm, and the carrier at 2:2 GHz is around "10 dBm.
This signal is then sent to the antenna to induce the magnetic
resonance signal of the NV centers. The normalized photolu-
minescence C is plotted in Fig. 2(a) as a function of the spatial
axes ðxÞ and ðyÞ. The reference is the photoluminescence
measured in the absence of any microwave excitation. The
carrier and the two side-bands induce three resonances that
are detected by a decrease of luminescence. Their frequencies
are linearly linked to the position along the ðxÞ axis. However,
a more accurate calibration can be done by measuring the
exact position of the ESR line for each frequency of the spec-
trum. The resulting spectrum is plotted in Fig. 2(a). The line-
width of the lines is approximately 7 MHz, defining the
spectral resolution of the device. This value is better than
the one obtained in Ref. 1 (45 MHz). It is of the same order as
the resolution obtained for systems working at cryogenic tem-
perature (1 MHz for Ref. 2 and 20 MHz for Ref. 3). With
respect to the 600 MHz bandwidth, it corresponds to 85 chan-
nels. Here the two side-bands of the incoming signal have
equal power. The observed difference of contrast corresponds
to the non-uniformity observed in Fig. 1(e). It can thus be
attributed to the slight misalignment of the magnetic field
along ðaÞ. One can also note that the resonances have a visible
dependence in ðyÞ which is a confirmation of this slight mis-
alignment. However, the corresponding frequency shift
remains smaller than the resonance linewidth.

We then demonstrate the ability of our device to monitor
instantaneous frequency variations. The AM signal is now
time-dependent. The frequencies of both carrier and modu-
lating signal are swept while the relative photoluminescence
is monitored by the camera. Taking advantage of the low

FIG. 1. (a) A CVD diamond plate (yellow) holds NV centers in its volume. It is pumped by a laser beam at 532 nm (green arrow). The induced red photolumi-
nescence is collected through a standard optical microscope (not represented here) and monitored by a digital camera. (b) Typical image of the monitored pho-
toluminescence. (c) The diamond is submitted to a magnetic field gradient along the (x) direction generated by an assembly of four magnets. The horizontal
green dashed line indicates the plane in which the magnetic field is included. In particular, the field is aligned with the red arrow and is zero in the center of the
square. In this area, the magnetic gradient is also aligned with that direction. (d) The four crystallographic axes (a), (b), (c), and (d) are represented relatively
to the (110) facets of the diamond plate. The magnetic field is aligned with (a), with an angle of 35$ with axis (x). (e) The normalized photoluminescence,
obtained from the raw images, is plotted as a function of the position along the (x) axis and of the microwave frequency. ESR lines are detected by a drop of
the photoluminescence. Their frequencies are linked to the projection of the magnetic field along the crystallographic axes (a), (b), (c), and (d). The spectra
represented in Figure 2 were performed in the area delimited by the blue oval.
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Fig. 1. Overview of an uncoded massive MU-MIMO downlink system with 1-bit DACs. Left: B antenna massive MU-MIMO BS containing a 1-bit precoder
that mitigates multi-user interference and quantization artifacts in the 1-bit DACs; Right: U single-antenna UEs.

II. SYSTEM MODEL AND 1-BIT PRECODING

We start by introducing the downlink system model and then
provide the necessary details about optimal precoding in 1-bit
massive MU-MIMO systems.

A. Downlink System Model

We focus on the downlink of a single-cell, narrowband
massive MU-MIMO system as illustrated in Figure 1. The
system consists of a B-antenna BS that serves U  B single-
antenna1 UEs simultaneously and in the same frequency band.
We use the standard input-output relation y = Hx + n to
model the narrowband downlink channel [2]. Here, the vector
y = [y1, . . . , yU ]T contains the received signals at all UEs,
where yu 2 C is the signal received at the uth UE. The
matrix H 2 CU⇥B represents the downlink channel. The
so-called precoded vector is denoted by x 2 X

B , where X

represents the transmit alphabet; this set coincides with the
set C of complex numbers in the case of infinite-precision
DACs. In 1-bit massive MU-MIMO systems, the in-phase
and quadrature components are generated separately using a
pair of 1-bit DACs running at Nyquist rate and hence, the
per-antenna quaternary transmit alphabet is X = {±` ± j`}
for a given (and fixed) ` > 0 that determines the transmit
power. The vector n 2 CU models i.i.d. circularly-symmetric
complex Gaussian noise with variance N0 per complex entry,
i.e., nu ⇠ CN (0, N0), for u = 1, . . . , U . In what follows, we
assume that the realization of the channel matrix H and the
noise variance N0 are perfectly known at the BS.2

B. Precoding Basics

The main purpose of precoding is to transmit the constel-
lation points su 2 O to each UE u = 1, . . . , U , where O

is the constellation set (e.g., 16-QAM). The BS uses the
available channel state information (CSI) to precode the symbol
vector s = [s1, . . . , sU ]T into the precoded vector x 2 X

B .

1For simplicity, we focus on single-antenna UEs; the model can easily be
expanded to support multi-antenna UEs.

2Knowledge of H is typically acquired via training in the uplink in a time-
division duplexing system [2]. As discussed in [7], channel estimation errors
yield only a small performance loss. Knowledge of the noise variance N0 at
the BS can be obtained by explicit feedback from the UEs to the BS.

Throughout the paper, we assume that the precoded vector x
must satisfy an instantaneous power constraint kxk22 = P ; this
leads to X =

�
± `± j`

 
with ` =

p
P/(2B).

Coherent transmission of data using multiple BS antennas
leads to an array gain, which depends on the realization of the
fading channel and the precoding method. As in [7], [8], we
assume that the uth UE is able to rescale its received signals yu
by a factor3 �u 2 C in order to compute an estimate ŝu = �uyu
for u = 1, . . . , U of the transmitted symbol su 2 O.

Since the UEs cannot perform joint processing to recover the
transmitted data, precoding must simultaneously reduce MUI
and increase signal power at all UEs [29]. To accomplish these
goals, there exist multiple formulations of this optimization
problem based on different performance metrics, e.g., sum-rate
throughput or error-rate (see [30] for a survey). As in [7],
[8], we will focus exclusively on precoders that minimize
the mean-squared error (MSE) between the estimated symbol
vector ŝ =

⇥
ŝ1, . . . , ŝU

⇤T
= �y and the transmitted symbol

vector s given by

En

⇥
ks� ŝk

2
2

⇤
= ks� �Hxk

2
2 + |�|2UN0, (1)

where we restrict ourselves to the case in which the precoder
results in the same precoding factor � for all UEs. Hence, in
the remainder of this paper we shall assume that �u = � for
u = 1, . . . , U . With this assumption, the MSE after precoding
will roughly be the same for all UEs, which guarantees a
certain degree of fairness among the UEs; see [7] for more
details. In [8] it is shown that the UEs are able to accurately
estimate the precoding factor � using pilot-based transmission
in block-fading scenarios.

In the infinite-precision case, an MSE-optimal linear precoder
multiplies the symbol vector s with a precoding matrix P 2

CB⇥U so that (1) is minimized on average over all possible
transmit vectors s subject to the power constraint. This
problem, which has been studied extensively for the case of
infinite-precision DACs [31], [32], enables the design of low-
complexity linear precoding algorithms [2].

3In contrast to references [7], [8], which assumed real-valued factors �u,
u = 1, . . . , U , we allow these factors to be complex-valued.
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