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Abstract

The race for the 6G has started, and new exciting ideas on
6G antennas are on the table. This contribution gives a look
to the 6G ideas from a novel angle of view, the Deep Phys-
ical Layer (DPL), a layer added at the very botton level of
the OSI stack, in which the analysis is carried out at the
electromagnetic field level. It is suggested that the per-
formance of the communication system can be quantified
using the space-time Number of Degrees of Freedom (ST-
NDF), allowing a simple comparison among the different
solutions.

1 Introduction

Triggered by the research on the Massive MIMO [1], that
showed the advantages of the use of antennas with a large
(hundreds or thousands) number of elements, new ideas
based on the use of very large radiating and/or scatter-
ing/reflecting surfaces as well as distributed cooperative an-
tennas have been proposed for 6G [2, 3].

Understanding of the real potential of these large radiating
systems requires an analysis at the level of the electromag-
netic field [4, 5]. This suggests to introduce a further layer
placed at the base of the OSI stack, i.e. a lower level than
the classic ’physical layer’ of the OSI stack. We will be call
this layer the "Deep Physical Layer".

The aim of this paper is to introduce the DPL clarifying
the connection with the higher layers, and in particular the
Physical Layer (PL), and showing how the DPL can help
the analysis of 6G radiating systems. The approach fol-
lowed in this paper uses some theoretical results obtained
in a number of papers [6, 7, 8, 9] and is particularly suit-
able for the analysis of large radiating structures, allowing
to discuss the electromagnetic properties of the different ra-
diating systems proposed for 6G using a unified approach.

2 The Deep Physical Layer

As discussed in the Introduction, the Deep Physical Layer
is placed at a lower level compared to the physical layer. At
this layer level the communication process is described in
terms of physical observables instead of bits. The perfor-
mance at this layer level is limited by the first principles. In
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Figure 1. The Deep Physical Layer is placed at the very
bottom of the OSI stack.
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Figure 2. A graphic view of the relationship between the
Physical Layer and the Deep Physical Layer; A models the
radiation process; X is the set of all the possible current
distributions of the radiating system; Y is the set of all the
possible field on the observation area, i.e. the area where
the recievers are placed.



other words, the limitations in terms of information trans-
mission at this layer level is related to the law of physics,
and hence are unbreakable. The specific elements and laws
depend on the observable used to convey information. In
this paper we limit the discussion on systems based on elec-
tromagnetic field propagation. Accordingly, the deep phys-
ical layer regards field configurations, and the limitations
are given by the Maxwell’s equation. However, it is under-
stood that other observables can be used for communica-
tion, as for example quantum bits. These communication
systems can be modeled by a proper choice of the elements
of the Deep Physical Layer and of the laws to which the
elements obey.

Fig. 2 shows the connection between the Physical Layer
and the Deep Physical Layer. The counterpart of different
sequences of bits at the PL are different current density dis-
tributions on the transmitting antenna at the DPL. Using a
functional approach, the current distribution associated to
a specific sequence of bits is represented by a functional
point in the set X of all the possible physically realizable
current distribution on the transmitting antenna. The radia-
tion process maps the X set into the Y set, whose elements
are field configurations on the observation domain accessi-
ble to the observer, i.e. the receiver. A detailed explana-
tion of the transmission process at the DPL can be found in
[6,7,8,9,10].

As preliminary step, we recall that it is possible to introduce
the (spatial)-bandwidth W of the electromagnetic field. The
theory is well established in the electromagnetic commu-
nity, and the interested reader can find details of the theory
and its implication in space-time communication systems
in the scientific literature, as f.i. [11]-[7]. We recall only
that the electromagnetic field radiated by a (not super di-
rective) source having finite spatial extension on an obser-
vation surface is an almost (spatially) band limited function
[11]. The (spatial) bandwidth, let W be, is proportional to
the electrical extension of the source. Let Q the extension
of the observation surface on which a proper parameteriza-
tion (required to exclude the geometrical factors) is consid-
ered [12] , [6]. For electrically large radiating systems the
amount of information that can be encoded in the spatial
waveforms is proportional to the space-(spatial) bandwidth
product WQ [6].

The value of the space-(spatial) bandwidth product is avail-
able for many standard geometries. In particular, in case of
electrically large radiating systems (that is the case of inter-
est) it turns out not larger than ~ 4Area(X)/(1?), wherein
Area(X) is the area of the minimum convex surface ¥ en-
closing the source [12], [6].

The results can be applied also to scattering surfaces, since
the spatial bandwidth does not change. As noted above, this
approach allows a unified analysis of the amount of infor-
mation transmissible by a communication system. Just as
the data to be transmitted can be distributed over time and
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Figure 3. The Number of Degrees of Freedom of time do-
main waveforms (i.e. field variation in time),called TNDF,
and of the space-domain (i.e. field variation in space),
called SNDF; for small bandwidth B the total NDF is ap-
proximatively the product of the two NDF

frequency keeping the area (i.e. the time-frequency prod-
uct) constant, in the same way they can be distributed in the
spatial domain and in the domain of the spatial frequency
keeping the area (i.e. the space-frequency product) constant
(see Fig.3).

Consequently, considering a space-time signal having
(time) bandwidth B, spatial-bandwidth W, and observed in
a period of time 7 and on an observation domain having
Q parameterized extension, information reliably transmis-
sible in small bandwidth B is proportional to the product
ST — NDF = 4BTWQ [7], where w stands for ’spatial-
bandwidth’ and s for space. (for large bandwidth we must
take into account the dependence of the SNDF with the fre-
quency in case of geometrically-fixed field source; for de-
tails please see [7]). It must be noted that polarization al-
lows to obtain an extra number of degrees of freedom [7].

An increase of the NDF has a direct impact on the other
layers. For example, an increase of the spatial NDF allows
a lower spatial correlation at the Physical Layer level, and
at the end an improvement of the communication system.

The DPL allows to analyze and compare the many differ-
ent ideas regarding 6G antennas (including Very large aper-
ture Massive MIMO, Distributed MIMO, Cell-free Massive
MIMO, Holographic Massive MIMO, Large intelligent sur-
face, Intelligent reflecting surface, Reconfigurable reflect-
arrays, Software-controlled metasurfaces, Intelligent walls)
in terms of ST-NDF. In particular, Fig. 5 shows the SNDF
(proportional to the area of the rectangles) considering dif-
ferent generations of cellular communication systems. 1G,
2G and 3G are represnted by a simple point since they use
only one SNDF. The figure clearly show the trend toward
larger SNDF. The effective use of SNDF is strictly related to
an efficient antenna design in terms of transmitted informa-
tion. Indeed, provided that a proper design of the antenna
is carried out, no particular advantages in terms of SNDF
are obtained using continuous aperture instead of array an-
tennas. This suggests that, more than in the past, correct
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Figure 4. The effect of an increase of the NDF at the Deep
Physical Layer Level positively affects all the layers of the
OSI stack.
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Figure 5. A pictorial view of the characteristics of the dif-
ferent cellular systems generations in terms of Spatial NDF
(that is proportional to the area of the rectangles).

antenna design has a great deal of relevance in 6G.
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