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Abstract
After the completion of Task 5.1 related to the identification of the scenarios and key technical
components of the different FANTASTIC-5G proof-of-concepts (PoCs), the research activities of
WP5 have focused on the hardware/software implementation of these components and scenarios to
demonstrate their feasibility and superiority in the context of the foreseen 5G air interface.
Therefore, this second deliverable of WP5 describes the proposed implementations and
algorithm/architecture optimizations of the identified key components as well as the associated
results and PoC intermediate version setup and outcomes.
The implementation of PoC component activities are grouped and presented in three main categories:
(1) Prototyping for post-OFDM waveforms, (2) Evaluation of waveform coexistence aspects, and
(3) Development of an SDR-based demonstration for broadcast and multicast transmission.
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Executive Summary
In the first deliverable (D5.1) of Work-Package (WP) 5 dealing with Proof-of-Concept (PoC)
activities of FANTASTIC-5G, several key technical components and scenarios have been
identified and described. The research activities of WP5 have focused then on the
hardware/software implementation of these components and scenarios to demonstrate their
feasibility and superiority in the context of the foreseen 5G air interface.
Therefore, this second deliverable of WP5 presents the different developed PoC component
implementations, as well as the associated results and PoC intermediate version setup and
outcomes. The proposed implementations are grouped and presented in three main categories:
(1) Prototyping for post-Orthogonal Frequency Division Multiplexing (OFDM) waveforms, (2)
Evaluation of waveform coexistence aspects, and (3) Development of a Software Defined Radio
(SDR)-based demonstration for broadcast and multicast transmission.
In this context, several post-OFDM transceivers have been implemented and prototyped on real
hardware platforms. Flexible low-complexity hardware implementations have been proposed for
Universal-Filtered (UF)-OFDM, Flexible Configured (FC)-OFDM, and Filter Bank MultiCarrier / Offset Quadrature Amplitude Modulation (FBMC/OQAM) waveforms. With the
proposed optimization techniques at the transmitter side, the resulted complexity becomes
comparable to state-of-the-art Cyclic Prefix (CP)-OFDM. The three implemented transceivers
have been integrated into a PoC intermediate version for Massive Machine Communication
(MMC) scenario. Impressive results in terms of robustness against synchronization errors,
compared to CP-OFDM, are illustrated.
The challenging adaptation issue of Multiple-Input Multiple-Output (MIMO) diversity schemes
to FBMC/OQAM waveform has been addressed and an efficient implementation is proposed. In
particular, the original Block Filtered (BF)-OFDM waveform, that combines CP-OFDM and
filter bank as in FBMC and that supports MIMO and Long Time Evolution (LTE) signaling, has
been proposed and implemented. The PoC intermediate version uses a HardWare-In-the-Loop
(HWIL) approach and illustrates the possibility to achieve high spectral efficiency and to
coexist with legacy OFDM-based transmission.
The implementation of the Pulse shaped (P)-OFDM waveform with pulse shape adaptation for
the asynchronous Timing Adjustment (TA)-free uplink low latency transmission PoC has been
realized using Universal Software Radio Peripheral (USRP) nodes. Promising results are
illustrated with respect to CP-OFDM in terms of transmission quality (out-of-band leakage,
error rates) and end-to-end delay.
Towards fulfilling low latency transmission requirement of mission-critical communication
services, a parameterized-OFDM transceiver has been developed and implemented on a Digital
Signal Processor (DSP)-based SDR platform. In the proposed implementation, the radio frame
structure is latency scalable and can achieve end-to-end latencies below 1 ms.
Regarding the evaluation of waveform coexistence aspects between waveforms in adjacent
bands, a PoC with specific SDR platform setup has been developed to demonstrate the
coexistence aspects for spectral efficient and robust multi-carrier techniques under realistic
hardware impairments. The components of this PoC mainly comprise the implementation of
different waveform candidates (e.g. CP-OFDM, FBMC/OQAM, etc.) and the evaluation of
interference level under different configurations.
Regarding the implementation of a SDR-based PoC for efficient and flexible support of joint
broadcast and multicast transmissions, a hardware/software environment based on USRP nodes
for User Equipment (UE) and evolved Node B (eNB) is developed. All signal processing blocks
are implemented in software with appropriate optimizations to reduce the implementation
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complexity and achieve near real-time transmission/reception. MIMO techniques and nonorthogonal transmissions are exploited to increase the throughput and improve coverage.
The achieved results of these PoC intermediate versions have been presented in several
dissemination events such as EuCNC 2016, ETSI Workshop 2016, ISTC 2016, and 2nd Global
5G Event 2016.
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1 Introduction
1.1

Objective of the document

Several key technical components and scenarios have been identified and described in the
previous deliverable of FANTASTIC-5G D5.1, as key enablers for a highly flexible air interface
that addresses the heterogeneous requirements of advanced 5G services. These components and
scenarios have been selected for hardware/software implementation and demonstration activities
to illustrate their feasibility and superiority with respect to state of the art.
In this context, several research activities have been conducted to propose original
implementations and algorithm/architecture optimizations of these key components using real
hardware platforms. The objective of this document (D5.2) is to provide the outcome of these
activities by describing the proposed implementations as well as the associated results and
Proof-of-Concept (PoC) intermediate version setup.
The implementation of PoC component activities are grouped and presented in this document in
three main categories:
1) Prototyping for post-Orthogonal Frequency Division Multiplexing (OFDM) waveforms
2) Evaluation of waveform coexistence aspects
3) Development of a Software Defined Radio (SDR)-based demonstration for broadcast
and multicast transmission.
For each considered PoC component, the document presents first the proposed implementation
solution together with the eventual proposed algorithm/architecture optimization techniques.
Then, different relevant performance results are presented and discussed with PoC intermediate
version setup and outcomes. In fact, the final integration of the developed components in order
to produce the final PoC of the identified scenarios is currently ongoing, and the results in terms
of performance measurements and analysis will be completed and presented in the next
deliverable D5.3.
One can refer to [FAN16-D51] for more details on the considered transceiver algorithms,
identified scenarios, and PoC platforms.

1.2

Structure of the document

The rest of this document is organized as follows:
Section 2 presents PoC component implementation activities related to the prototyping of postOFDM waveforms. In this regard, Section 2.1 provides the implementation results of three
promising candidate waveforms: Filter Bank Multi-Carrier (FBMC), Flexible Configured (FC)OFDM, and Universal-Filtered (UF)-OFDM. Several original contributions in terms of
algorithm/architecture optimizations are presented. Section 2.2 addresses the implementation
issues related to Multiple-Input Multiple-Output (MIMO)-FBMC transceiver based on software
programmable hardware and presents associated component and PoC intermediate version
results. Section 2.3 presents the implementation results of the Pulse shaped OFDM (P-OFDM)
for Timing Adjustment (TA)-free low latency transmission, while Section 2.4 focuses on the
PoC related to post- and parameterized-OFDM waveforms for low latency transmission.
Section 3 presents PoC component implementation activities related to the evaluation of
waveform coexistence aspects between waveforms in adjacent bands.
Section 4 presents PoC component implementation activities related to the development of a
PoC based on SDR platform for efficient and flexible support of joint broadcast and multicast
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transmissions. In this context, MIMO techniques and non-orthogonal transmissions are
exploited to increase the throughput and improve coverage.
Finally, Section 5 concludes this deliverable.

2 Post-OFDM waveform prototyping PoC
Post-OFDM waveforms are foreseen as key enablers for a highly flexible air interface that
addresses the heterogeneous requirements of advanced 5G services. In this regard, the present
section provides the implementation results of several identified key components as well as
associated PoC intermediate version setup and outcomes.

2.1

Flexible PoC for Post-OFDM waveforms

This section provides the component implementation results of three promising candidate
waveforms: FBMC, FC-OFDM, and UF-OFDM. Telecom Bretagne, in collaboration with
Orange and Nokia Bell Labs, has proposed several original contributions in terms of
algorithm/architecture optimizations by careful analysis of the signal properties and original
scheduling of the computations.
The following subsections describe the implementation and joint algorithm/hardware
optimization of each considered post-OFDM waveform. Results in terms of hardware
complexity are provided and compared, and the first results obtained on the PoC platform are
shown for Massive Machine Communication (MMC) scenario.
Details on the transceiver algorithm, identified scenarios, and PoC platform were provided in
[FAN16-D51].

2.1.1

UF-OFDM: implementation of PoC components and
algorithm/architecture optimizations

The principle of the UF-OFDM modulation [VWS+13][FAN16-D31] is to group the complex
samples carrying information into several subbands, each composed of subcarriers. These
complex samples can be, for instance, symbols from a Quadrature Amplitude Modulation
(QAM) constellation. A maximum of
subbands, each carrying subcarriers, can be
used, where is the total number of subcarriers, and
represents the largest integer less than
or equal to (floor operator). The secondary sidelobes (residual power outside the subbands) of
each subband are attenuated by filtering each subband independently by a corresponding filter
of length samples. Then, all filtered subbands are summed together. It forms the UF-OFDM
symbol, composed of
samples. The technical description of the baseline UF-OFDM
transmitter is represented in Figure 2-1. It consists of:
 A subband mapping which inserts the complex samples carrying information into the
corresponding subcarriers indexes for each subband.
 An Inverse Fast Fourier Transform (IFFT) of size for each allocated subband.
 A filtering stage for each subband, which can be implemented using a linear
convolution operation.
 A final summation where all filtered subbands signal are summed together to form an
UF-OFDM symbol.
While this solution has an acceptable computational complexity for a few number of allocated
subbands, it becomes computationally expensive when the number of allocated subbands
increases, which is not suitable for hardware implementation.
Dissemination level: PU

Page 15 / 71

FANTASTIC-5G

Deliverable D5.2

Figure 2-1: Technical description of the baseline UF-OFDM transmitter.

Alternative solutions have been investigated to reduce the implementation complexity. In
particular, one technique has proposed to apply the subband filtering in the frequency domain
instead of the time domain [WS15], and a second technique has proposed to approximate the
filtering operation by multiple windowed-OFDM transmitters [MZS16]. The later technique
incurs high approximation errors when the number of windows is low, resulting in higher outof-band leakage. Concerning the frequency domain technique, the filtering stage and the
summation of all subbands are computed in the oversampled frequency domain (before the
IFFT) instead of the time domain. According to [WS15], the required number of multipliers and
adders can be up to 10 higher than those required by OFDM, which is still quite
computationally complex for mobile devices or sensors (MMC services). For this reason, a
novel technique has been investigated in order to further reduce the computational complexity
while preserving the signal quality of the UF-OFDM baseline solution.
The proposed technique exploits two main ideas in order to reduce the computational
complexity of the UF-OFDM baseline implementation. First, the processing of each subband
and each subcarrier is separated, which enables to remove redundant operations. Such
decomposition, shown in Figure 2-2, assumes that the total number of subcarriers must be a
multiple of the subband size (
). The subband processing requires an IFFT of
size for each subband, which enables to reduce the computational complexity.

Figure 2-2: Decomposition into subbands and subcarriers for the proposed UF-OFDM
transmitter technique.

The second idea of the proposed technique consists of decomposing the UF-OFDM symbol into
3 distinct parts, as shown in Figure 2-3:
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The first part of the UF-OFDM symbol corresponds to the first samples processed by
the linear convolution operation (subband filtering). This part is referred to as the prefix
part of the UF-OFDM symbol.



The second part of the UF-OFDM symbol, referred to as core part, is composed of
samples and corresponds to the samples in the interval
.



Finally, the last part of the UF-OFDM symbol corresponds to the
last samples
processed by the linear convolution operation. This part is referred to as the suffix part
of the UF-OFDM symbol.

By using the proposed decomposition into subbands and subcarriers, it can be shown that the
core part of the UF-OFDM symbol can be computed using a windowing operation followed by
an IFFT of size for each decomposed subband. The samples corresponding to the prefix part
of the UF-OFDM symbol are obtained by using a windowing operation and an accumulator for
each sample of the prefix part. Finally, the suffix part is deduced by subtracting the prefix part
from the core part.

Figure 2-3: Decomposition of the UF-OFDM symbol into 3 parts.

The corresponding hardware architecture of the proposed UF-OFDM technique is presented in
Figure 2-4. After the QAM/Pilot mapper and segmentation unit, the subbands processing is
performed through an IFFT of size followed by a memory block. During the processing of
one UF-OFDM symbol, this IFFT is enabled times. At the same time, the memory block
allows to interleave the samples for the subcarrier processing, as shown in Figure 2-2. A
complex multiplier, an IFFT of size (enabled times) and a single-port memory of depth
complex samples compose the core part of the subcarriers processing. The complex multiplier
processes the windowing operation by the core filter coefficients.

Figure 2-4: Hardware architecture of the proposed UF-OFDM transmitter.
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Concerning the hardware architecture at the UF-OFDM receiver side, it is almost similar to the
architecture of the OFDM receiver already implemented and integrated in the platform (Figure
2-5). The only difference concerns an additional processing unit before the FFT, which applies a
windowing operation (real multipliers) before adding the suffix part of the UF-OFDM to the
prefix part, as described in Section 6.1.1.1 of [FAN16-D31].
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0
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FSM
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start

Figure 2-5: Hardware architecture of the UF-OFDM receiver.

2.1.2

FC-OFDM: implementation of PoC components and
algorithm/architecture optimizations

The idea of FC-OFDM is to allow the base-station to independently configure the waveform
characteristic within each sub-band (Resource Block in the 4th Generation of mobile
communication or Long Term Evolution (LTE) standard (4G/LTE)) according to the allocated
service. Thus, each subband can be configured with 4G/LTE based waveform for Mobile
Broadband (MBB) type services or with filtered waveform for emergent 5G services as
Vehicular to anything (V2X) or MMC. Depending on the uplink or downlink cases, the FCOFDM technique considers different configurable modes [FAN16-D51]. Table 2-1 summarizes
the properties of these configuration modes for FC-OFDM in downlink.
Table 2-1: Characteristics of the three FC-OFDM downlink configuration modes.
Mode
1
2
3

Filter shape

Coefficients

Rectangular
Half-sine
Half-sine

[1]
[1 , -1]
[1 , -1]

Even symbol
index

Odd symbol
index

QAM
PAM
PAM

0
PAM
0

Orthogonality
Complex, with mode 1 and 3
Real, with mode 2 and 3.
Real, with mode 1, 2 and 3.

The hardware implementation of the FC-OFDM downlink transmitter is based on two IFFTs to
support mode 2, as shown in Figure 2-6. Additionally, a mode mapper unit is integrated which
enables to multiplex the real and imaginary samples of the QAM symbols into its corresponding
IFFT input depending on the chosen configuration mode. When mode 2 and 3 are considered,
the linear convolution using the coefficients [1,-1] can be implemented with a shift register as
mentioned in [Lin15]. For this reason, only two registers and multiplexers are required for the
mode mapper unit.
The post-IFFT processing unit in Figure 2-6 contains two cyclic insertion units and one window
insertion unit. In the cyclic insertion units, a prefix and a postﬁx are appended before and after
the samples obtained at the output of the IFFTs. As shown in Figure 2-7, the prefix not only
includes a CP but also an interval devoted to windowing called Roll-off Interval (RI); while the
postﬁx only includes RI. Moreover, the prefix and postﬁx insertion at even symbol index
(managed by cyclic insertion unit 0) is different from that at odd symbol index (managed by
cyclic insertion unit 1) corresponding to the staggered path for OQAM processing. As can be
seen from Figure 2-7, at even symbol index, the prefix is a duplicate of the last
samples of the modulated symbol, where
and
are the intervals of the CP and RI in
samples. Then the postﬁx, copied from the first
samples of the modulated symbol, is
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appended at the end. For this purpose, a single-port memory of depth
is implemented to
store then insert the RI samples. Concerning the odd symbol index case, the modulated symbol
is first evenly cut into two portions. Then, the prefix is added to the beginning of the second half
portion; while the postﬁx is appended to the end of the first half portion. Furthermore, the odd
symbol index must be delayed by half of the symbol duration due to the OQAM processing, and
an additional single-port memory of depth N/2 is added to realize this function.

Figure 2-6: Hardware architecture of the FC-OFDM downlink transmitter.

Figure 2-7: Post-IFFT processing at even and odd symbol index.

Concerning the window insertion unit, it is composed of two real multipliers and applied on the
RI samples with raised cosine coefficients (windowing). Since this window is applied on a few
number of sample (
<
), parallel multiplications with constant values are used in this
implementation which only requires adders. This component is generated using an online tool
developed by the SPIRAL project [SPIR].
For the FC-OFDM downlink receiver side, dual operations must be used to recover the
QAM/PAM samples: remove CP, RI and window, FFT, filtering then quadrature phase rotation
and extraction of the real part for mode 2 and 3.
Concerning the FC-OFDM uplink [FAN16-D31], 3 different configuration modes are proposed:
 Configuration mode 1 is based on OFDM modulation.
 Configuration mode 2 is based on the Single-Carrier (SC) OFDM modulation of the
current LTE uplink.
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Configuration mode 3 corresponds to the Zero-Tail (ZT) OFDM modulation. It consists
of inserting zero valued samples at the beginning and end of the FFT pre-coder used for
SC-OFDM modulation.

For those three modes, a prefix and postfix cyclic are inserted, followed by a windowing
operation to reduce the Out-Of-Band Power Leakage (OOBPL). Furthermore, the last samples
of the symbol number overlap with the first samples of the symbol number
.
Concerning hardware implementation, almost the same components as for UF-OFDM hardware
architecture were reused to implement the FC-OFDM uplink transmitter. It is in fact possible to
adapt the hardware architecture of the proposed UF-OFDM transmitter (Figure 2-4) to support
OFDM by only changing the filter coefficients stored in the Look-Up-Tables (LUT). Thus, each
LUT is doubled and multiplexed to support both UF-OFDM and OFDM modes. Then, the
prefix cyclic can be inserted by arranging the address generator of the core part to first read the
last
samples stored in the single-port memory. Each FC-OFDM uplink configuration mode
can be supported by simply enabling or disabling the Fast Fourier Transform (FFT) pre-coder,
inserted between the QAM/Pilot mapper and the segmentation in subbands and subcarriers.
Then, the windowing operation is realized thanks to the multipliers of the prefix part of the
subcarrier processing. Furthermore, the windowed postfix cyclic is stored in the single-port
memory of the prefix part, and the adders of the accumulator are used to perform the
overlapping between successive symbols.
Finally, the FC-OFDM uplink receiver is implemented by adapting the hardware architecture of
the OFDM receiver already implemented and integrated in the platform. It requires an additional
IFFT post-coder of size P to support configuration mode 2 and mode 3 (Figure 2-8), P being
equal to the number of allocated subcarriers.
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Figure 2-8: Hardware architecture of the FC-OFDM receiver.

2.1.3

FBMC: implementation of PoC components and
algorithm/architecture optimizations

FBMC is a multicarrier transmission scheme that introduces a filter-bank to enable efficient
pulse shaping for the signal conveyed on each individual subcarrier. This additional element
represents an array of band-pass filters that separate the input signal into multiple subcarriers,
each one carrying a single frequency subband of the original signal. As a promising variant of
filtered modulation schemes, FBMC/OQAM, originally proposed in [Sal67], can theoretically
achieve a higher spectral efficiency than OFDM since it does not require the insertion of a CP.
Additional advantages include the robustness against highly variant fading channel conditions
and imperfect synchronizations by selecting the appropriate prototype filter type and
coefficients [LGS14].
In the literature, typical implementation of FBMC/OQAM employs a PolyPhase Network (PPN)
based structure [Hir81]. It is composed of one IFFT followed by one PPN for the filtering stage,
and enables a low complexity implementation of the FBMC/OQAM transceiver. To support the
OQAM scheme, typical FBMC/OQAM implementation duplicates the IFFT and the PPN.
However, such duplication can be avoided at transmitter side and leads to an FBMC/OQAM
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transmitter with low hardware complexity [NAB15]. The related architecture is based on a
pruned IFFT algorithm described in [DS11] to divide the computational complexity of the
FBMC/OQAM transmitter by almost a factor of two. The main idea is to exploit the relation
between the IFFT outputs to only calculate half of them, and then deduce the remaining
samples. Such relation exists thanks to the real valued input samples induced by the OQAM
technique. This introduces redundancy in the computation of the complex valued IFFT, and the
outputs are symmetrical in the case of real valued inputs. The output sample relation for a
Decimation In Frequency (DIF) IFFT of size is illustrated in Figure 2-9 as an example. This
decomposition is obtained by a stage of radix-2 butterfly connected to two IFFT of size
identified as
and
. Thanks to the relation between even and odd index
samples at the output of the IFFT of size 8 there is no need to calculate
.

Figure 2-9: Relation between IFFT output in case of FBMC/OQAM.

This optimization leads to the architecture presented in Figure 2-10 and implemented in the PoC
platform. It consists of the following processing units:







An OQAM mapper unit, which maps the input binary data into QAM symbols followed
by a separation between its real and imaginary part. Additionally, the obtained real
samples are reorganized, delayed and parallelized using two single-port memory blocks
of depth
real samples ( being the total number of subcarriers). These additional
steps are required to adapt the architecture with the pruned IFFT algorithm and to take
into account the OQAM delay, as explained in [NAB15].
A pre-processing stage, mainly composed of one complex multiplier, and an IFFT of
size
. These two processing units form the pruned IFFT processing.
A reordering unit, composed of 3 single-port memory blocks of depth complex
samples. This component is required to reorder the output samples of the previous IFFT
(in bit reversal order), to reconstruct the odd indexed samples from the computed even
indexed samples, and to parallelize the samples for the next two PPN stages.
Two PPN components and a final overlapping summation. The hardware architecture of
each PPN is based on [DOM11]. It has a repetitive structure, where the elementary
component is referred as PPN tap and is composed on 2 real multipliers, a LUT which
stores the prototype filter coefficients and a single-port memory of depth complex
samples (except for the last tap). The number of PPN taps depends on the ratio between
the total number of subcarriers
and the prototype filter length . For instance,
PHYDYAS filter [Mar98] is of length
, which requires the use of 4 PPN taps.
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Figure 2-10: Low-complexity FBMC/OQAM transmitter hardware architecture.

Concerning the receiver side, the pruned IFFT optimization cannot be employed due to the
multipath channel which introduces complex valued coefficients. Thus, two IFFT and two PPN
must be used to perform the demodulation. Furthermore, the equalization procedure tends to be
more difficult due to the absence of CP when the delay spread of the multipath channel is large
or in case of high timing synchronization errors (relaxed synchronization). The FrequencySpread (FS) implementation of the FBMC/OQAM receiver enables to correctly equalize
channel impairments while keeping a simple one-tap equalizer. The principle is to process the
filtering stage in the frequency domain instead of the time domain for the PPN implementation.
For this purpose, the FFT size must be equal to the filter length and followed by a linear
convolution operation with the frequency response of the prototype filter which can be
implemented using a Finite Impulse Response (FIR) filter structure. Then, the obtained filtered
samples must be down-sampled by
, as shown in Figure 2-11.

Figure 2-11: FS implementation of the FBMC/OQAM receiver.

Thus, one-tap equalization can be achieved between the FFT and the filtering operation.
Particularly, the FS implementation enables to greatly increase the robustness of FBMC/OQAM
against timing errors due to imperfect synchronization to more than 25% of the symbol duration
for the case of the PHYDYAS filter [BDN14], while being more robust against multipath
channel. However, the main issue with the FS implementation of the FBMC/OQAM receiver
using PHYDYAS filter is the resulting hardware complexity, since one FFT of size 4N must be
computed for each OQAM symbol (two per FBMC symbol). Under the same throughput, clock
frequency and system parameters, the FS FBMC architecture based on Figure 2-11 will
generally lead to employ around
times more multipliers than OFDM and around 8 times
more memory resources.
This issue can be simply resolved by using a shorter filter. Particularly, when
, the FFT
size is not increased anymore, and the complexity overhead depends on the number of required
taps of the FIR structure. Using such short filter instead of a long one has other interesting
advantages:




Transition between two successive radio frames due to the filter tail is shortened,
increasing the spectral efficiency of the transmission.
The latency is reduced.
Short filters are more resilient against Doppler shift, spread or Carrier Frequency-offset
(CFO) [RSS12].
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The hardware complexity is also greatly reduced at the transmitter side since the PPN
structure becomes a simple multiplication.

The original idea was to reverse the time and frequency axis of the filter-bank impulse response
generated by the PHYDYAS filter, and to deduce the related prototype filter. Indeed, the
impulse response of this filter is highly localized in frequency since interferences are limited
only to one adjacent subcarrier in the frequency plane. Thus, reversing the axis will generate a
prototype filter highly localized in time, with an overlapping factor equal to
.
The proposed short filter, referred to as Near Perfect Reconstruction 1 tap (NPR1) provides
better robustness against timing synchronization errors and multipath channel impairments
when using the FS implementation of the FBMC/OQAM. As an example, Figure 2-12 shows
the evolution of the Signal-to-Interference Ratio (SIR) with increasing timing offset for OFDM
and FBMC/OQAM with a PPN and an FS-FBMC implementation when using different filters:
Time-Frequency Localized 1 tap (TFL1), Quadrature Mirror Filter 1 tap (QMF1) and NPR1. In
the case of CP-OFDM, perfect synchronization is assumed when the start of the symbol
corresponds to the middle of the cyclic prefix, to ensure symmetrical results with negative
timing offset errors. A gain of at least 8 dB can be observed with the NPR1 filter when
compared to the other filters. In any case, the FS implementation outperforms the PPN
implementation for all considered filters.

Figure 2-12: Evolution of the SIR with increased timing offset for OFDM and FBMC/OQAM
with the considered short filters and the different implementations.

The filter coefficients being constants, constant multipliers can be employed, which are
implemented using only adders. This is particularly interesting when hardware implementation
is considered, since an adder requires less hardware resources than a multiplier. For instance,
when targeting a System on Chip (SoC) Zynq-7000 XC7Z020 CLG484, a 16 bits multiplier
uses 396 LUTs whereas a 16 bits adder only uses 16 LUTs. In the hardware implementation of
the FS-FBMC/OQAM receiver,
filter coefficients are considered, resulting in 55 dB of
SIR when using the NPR1 filter. The multiplier-less constant multiplication unit of the FIR
architecture is generated using an online tool developed by the SPIRAL project [SPIR].

2.1.4 PoC intermediate version and results
This section presents the results of the hardware implementations of the above described
architectures for the different considered waveforms (FBMC/OQAM, UF-OFDM and FCOFDM). In addition, it presents intermediate results of the PoC for MMC scenario. The set of
parameters summarized in Table 2-2 has been chosen for all the presented results in this section.
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Table 2-2: Set of parameters used for the post-OFDM waveform in the PoC platform.

Parameter
FFT size ( = total number of subcarrier)
Frequency sampling
QAM constellation
Number of subcarriers per Resource Block
CP length for OFDM & FC-OFDM uplink
CP and RI lengths for FC-OFDM downlink
Filter length for UF-OFDM
UF-OFDM sidelobe level (Chebyshev filter)
UF-OFDM subband size

2.1.4.1

Value
512
7.68 MHz
16-QAM
12
36
18 and 9
37
40 dB
16

Hardware complexity results

The synthesis results have been evaluated for the XC7z020-1 Xilinx Zynq SoC device in terms
of LUTs as logic, LUTs as Random Access Memory (RAM), Flip Flop and Digital Signal
Processor (DSP) elements (number of multipliers). The LUTs (as logic) include, in addition to
the synthesized combinational logic, the different coefficients stored in LUT, for instance the
twiddle factors of the FFTs and the filter coefficients. Furthermore, the RAMs are synthetized as
LUTs (distributed RAM) rather than block RAMs for more accurate comparisons. The
following quantization choice has been devised for all the architectures:




All samples at input and output of each unit have 16-bit quantization. This also applies
for each stage of the IFFT.
All coefficients in LUTs are quantized and stored with a precision of 12 bits.
Round approximation is chosen for precision purpose.

Same architecture choices have been made for all the considered architectures. The processing
units of each transceiver inputs and outputs the complex samples (
bits) in serial.
Furthermore, each unit is pipelined: while a given processing unit computes the samples
corresponding to a symbol number , the previous units (in term of data dependency) compute
the symbol number
(…). All the architecture has been designed to be clocked at
the same frequency rate, and the maximum clock frequency rate is
MHz for each
considered architecture. Thus, each architecture has the same achievable processing speed for a
fair comparison.
Obtained results for all transmitter architectures are summarized in Table 2-3. The UF-OFDM
and FC-OFDM uplink have similar synthesis results since the same hardware resources are
reused for both transmitters. Whereas UF-OFDM is generally considered to be highly complex,
the proposed architecture makes it comparable to OFDM: only ~30% more LUTs as logic,
~37% more LUTs as RAM and 25% more DSPs are required. The complexity overhead mostly
comes from the prefix part of the subcarrier processing which requires additional multiplier,
adders, and memory elements to store the prefix. Concerning the FC-OFDM uplink transmitter,
the synthesis results of Table 2-3 are given without the FFT-precoder, targeting a FieldProgrammable Gate Array (FPGA) implementation. In fact, such precoder is mainly used for
Peak-to-Average Power Ratio (PAPR) reduction purpose, and can be employed with the other
transmitters. For a fair comparison, only the “core” part of the FC-OFDM uplink is considered.
Thus, its complexity is similar to OFDM since it is based on it, with a low complexity overhead
coming from the windowing insertion and the overlapping summation.
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Table 2-3: Hardware resources used on FPGA for each transmitter architecture.

Transmitter architecture
OFDM
PPN-FBMC/OQAM (1 taps)
PPN-FBMC/OQAM (4 taps)
FC-OFDM downlink
UF-OFDM & FC-OFDM uplink

LUTs
(as logic)
3599
4011
5585
7024
4688

LUTs
(as RAM)
912
1068
3180
1856
1257

Flip Flops

DSPs

3006
2828
3788
5661
3073

16
20
32
32
20

The complexity of the FBMC/OQAM transmitter with 1 tap PPN (for short filters) is
comparable to OFDM in terms of registers, LUTs (10% more), and memory requirements (15%
more). As for the number of multipliers, they are increased by 25% due to the PPN unit. When a
higher number of taps is considered, the complexity increase is not negligible, especially using a
4-tap PPN. When compared to OFDM, the number of required LUTs as RAM is more than
tripled, the number of DSP is doubled along with the number of LUTs as logic. This highlights
the fact that the PPN unit is the real problem concerning the memory requirement when the
prototype filter has a length larger than one tap. Thus, the use of short filters is preferable if low
hardware complexity implementation is primarily targeted.
Finally, the synthesis results show that, in the case of the FC-OFDM downlink transmitter, the
required hardware resources are almost two times higher than OFDM. Such result is expected
since the number of IFFT is doubled. While being more complex than the other transmitters,
except FBMC/OQAM with 4-tap PPN, this increase in hardware complexity can still be
acceptable at base-station side since this waveform is proposed for downlink.
Concerning the receiver architectures, the synthesis results are summarized in Table 2-4. These
results include a per-subcarrier Zero-Forcing (ZF) equalizer unit (duplicated for the
FBMC/OQAM receiver) and a least-squares based channel estimator unit. These techniques and
their corresponding implementations are detailed in [METIS-D13].
Since the UF-OFDM and the FC-OFDM receivers re-use most of the hardware resource of the
OFDM receiver, their hardware complexity is close to OFDM. The additional processing unit
before the FFT (prefix/suffix addition and windowing) only increases the number of
LUTs/RAM/Flip Flops by ~5% and the number of DSP multipliers by ~9%.
Table 2-4: Hardware resources used on FPGA for all receiver architectures including
channel estimation and equalization.

Receiver architecture
OFDM
UF-OFDM and FC-OFDM
PPN-FBMC/OQAM (1 taps PPN)
PPN-FBMC/OQAM (4 taps PPN)
FS-FBMC/OQAM (7 coefficients)

LUTs
(as logic)
5119
5393
9453
10121
9915

LUTs
(as RAM)
1200
1265
2320
4452
2320

Flip Flops

DSPs

3384
3531
6467
7349
6659

23
25
46
58
42

Concerning FBMC/OQAM with short filter (1 tap PPN and FS with 7 filter coefficients), the
results show that the required amount of memory, Flip Flop, DSP and LUT used as logic are
almost doubled when compared to OFDM. This is due to the OQAM processing which requires
duplicating the receiver processing units (including the equalizer). Particularly, when a 4-tap
PPN is considered (PHYDYAS filter), the required number of memory resources is multiplied
by 3.7 when compared to OFDM. While this hardware complexity can be manageable in uplink
where the receiver is implemented at the base-station side, this becomes more compromised in
downlink, particularly for the case of MMC.
Finally, the FS-FBMC/OQAM requires ~5% more LUTs (as logic) and ~3% more Flip Flops
than PPN-FBMC/OQAM, but enables to reduce the number of required multipliers by ~9%.
This reduction in not negligible, since an adder requires less hardware resources than a
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multiplier. For instance, as samples are quantized on 16 bits and filter coefficients on 12 bits, a
16x12 multiplier requires 290 LUTs when targeting the above Zynq SoC device, which is 18
times more complex than an adder (16 LUTs for a 16 bits adder). Table 2-5 shows the resulting
number of LUTs and Flip Flop for PPN and FS implementations when the DSP are forced to be
synthetized in LUTs. The number of required LUT is mostly the same between the FS and the
PPN implementations (~7% less for FS), but the FS implementation requires 2 times more Flip
Flops due to the multiple registers of the FIR architecture. Therefore, the FS implementation can
be used with a negligible complexity increase when compared to the PPN implementation for
FBMC/OQAM receiver with short filter. Since FS implementation offers improved performance
in case of timing impairments (multipath/timing offset), this concludes that the PPN
implementation is less interesting when short filter is considered.
Table 2-5: Hardware resources comparison between PPN and FS implementation.

Hardware resources
LUTs
Flip Flop

2.1.4.2

PPN 1 tap
1970
276

FS 7 coefficients
1824
552

PoC intermediate version results

The target PoC environment is illustrated in Figure 2-13 where one board emulates a user
equipment (UE) physical layer (transmitter side), and a second board is used to emulate the
base-station (receiver side). Both digital processing boards are extended by an RF interface to
enable on-air transmission. The TX and RX of different waveforms are implemented in full
hardware on the FPGA part of the Zynq-7000 SoC. The control and interface are ensured by a
dual-core Advanced RISC Machines (ARM) Cortex A9 processor embedded in the Zynq SoC
and through the development of a dedicated Graphical User Interface (GUI). The GUI at the
transmitter side is used to select mapping and modulation parameters like QAM constellation
order, FFT and cyclic prefix sizes, the number of active subcarriers, etc. The GUI at the receiver
side displays relevant performance metrics.
We present in this deliverable the first demonstrated scenario on the PoC platform which
concerns the case of MMC. This demonstration has been presented during the 5G workshop of
the International Symposium on Turbo Codes & Iterative Information Processing (ISTC) in
Brest, 5-9th September 2016 and during the 2nd Global 5G Event in Rome, 9-10th November
2016. Other scenarios are currently under development and will be presented in the final
deliverable of WP5. In MMC scenario, cellular users may coexist with MMC-type users such as
sensors; for example by sharing the same spectrum resources. Under power and signaling
overhead constraints, perfect synchronization may not be easily ensured. Therefore, interference
is created between subcarriers allocated to different services or even allocated to the same type
of services but to different UEs or sensors. The key aspect of this PoC scenario is to assess the
behavior of post-OFDM waveforms in the context of relaxed synchronization foreseen in MMC.
The target PoC setup emulates a situation where a massive number of sensors send short packets
of information to the base-station. To avoid close-loop synchronization and reduce the power
consumption of the sensors, open-loop synchronization is considered in this demonstration: the
sensors wake-up from sleep mode, recover the time-base of the base station and directly
transmit, without Timing Advance (TA) mechanism, the required few bits of information to the
base-station and switch to sleep mode again. In our PoC demonstration setup, sensors send
small-size image files to the base-station for simulating the transmission of short information at
low data rate. These sensors are allocated on different subcarriers and experience different
levels of synchronization misalignment with respect to the existing, already occupied,
fragmented spectrum. The fragmented spectrum is the result of the transmissions of other
sensors or broadband users. Due to the lack of perfect synchronization, the fragmented spectrum
acts as interference for the considered sensors. A guard-band of 2 subcarriers is inserted around
the subcarriers allocated to the considered sensor.
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Figure 2-13: Flexible PoC for Post-OFDM waveforms.

Figure 2-14: Obtained results on the PoC platform for MMC scenario.

The transmitter represented in Figure 2-13 is used to simulate a sensor, and the receiver side
simulates the base-station. Additionally, the TX antenna on the receiver board is used to
generate the existing occupied fragmented spectrum (acting as interference).
Figure 2-14 illustrates the obtained performance for MMC scenario for the OFDM, UF-OFDM,
FC-OFDM uplink (mode 1) when a turbo code is employed with a code rate of 1/2. The
imperfect synchronization caused by the open-loop synchronization is simulated by introducing
a timing offset of 8% the symbol duration. Since this duration is longer than the CP length,
orthogonality is lost with adjacent users/sensors, resulting in great performance loss (BER ~
2.10-2) and the compressed image (jpeg) cannot be recovered. While interferences are still
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present for UF-OFDM and FC-OFDM uplink (mode 1), the received QAM symbols are less
noisy than OFDM, and the image is perfectly recovered without errors. Therefore, both of these
waveforms are suitable for MMC and are attractive solutions since OFDM-based techniques can
be reused (PAPR reduction, MIMO), and are perfectly compatible with LTE numerology.
Better performances can be achieved with FBMC/OQAM, as shown in Figure 2-14.
Particularly, PHYDYAS filter enables to perfectly avoid the inter-user interferences due to its
frequency localization, since no errors are introduced in the received bits even without a
forward error correction code. Furthermore, the guard interval can be reduced to 1, which
increases the spectral efficiency. However, such long filter requires a higher number of symbols
in a frame to avoid significant data rate losses due to the filter tail, resulting in high Time
Transmission Interval (TTI) and higher latency. When using FBMC/OQAM with TFL1 filter,
interferences are not removed, but are at lower level than FC-OFDM and UF-OFDM: a code
rate of 4/5 is sufficient to perfectly recover the image. Furthermore, the filter length being equal
to the length of an OFDM symbol, the filter tail length is reduced and only 14 OQAM symbols
(= 7 FBMC symbols) per frame are considered to achieve the same data rate as OFDM with CP.
Therefore, the same TTI as LTE can be obtained when using a short filter without any data rate
loss. However, the bottleneck of FBMC/OQAM is clearly the difficulty to use MIMO diversity
schemes, such as the Alamouti coding Space-Frequency-Block-Code (SFBC), due to its
inherent overlapping structure. Preliminary work has been initiated on this topic to adapt the
Alamouti diversity scheme for FBMC/OQAM using short filters, and will be continued in the
next step.

2.2

FBMC-MIMO transceiver based on software
programmable hardware

One of the challenges FBMC waveform is facing is the adaptation to multiple antenna schemes.
MIMO decoding is indeed an open issue with FBMC/OQAM waveforms. Contrary to CPOFDM, the complex orthogonality is broken and is used for multiplexing interference and data.
In case of Alamouti scheme, perfect reconstruction of the signal is not possible due to the
interference term. Maximum likelihood (ML) detectors are possible but the complexity of such
detector brought by the self-interference generated by FBMC is not compatible with
conventional receiver order of complexity. This issue is not straightforward and concepts have
to be revisited, which is the main goal of this PoC. For that purpose we proposed a new multicarrier waveform called Block Filtered OFDM (BF-OFDM) that combines CP-OFDM and filter
bank as in FBMC. Details of this waveform are given in [FAN16-IR32].
The objective of this PoC is thus to combine an FBMC-based waveform (BF-OFDM) with a
2x2 MIMO scheme, while conducting a trade-off analysis of complexity vs. impairments
robustness vs. throughput. The goals of the PoC are threefold: demonstrate that FBMC-based
waveform is compatible with MIMO, show the impact of 5G waveform on legacy LTE (where
co-existence between the waveforms in adjacent bands is considered) and investigate the frame
structure for FBMC.
The flexible 2x2 MIMO FBMC-like transceiver developed by CEA is based on software
programmable hardware including a large Zynq FPGA for baseband processing, an ARM dual
core processor for the control and an off the shelf RF front-end. Detailed description can be
found in [FAN16-D51].
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2.2.1 Implementation of PoC components and
algorithm/architecture optimizations
2.2.1.1
PHY and MAC layer transceiver algorithm and
control functionality
The proposed application will implement parts of a 5G MIMO 2x2 downlink physical layer
transmitter and receiver. To keep the complexity of this application at a reasonably level, only a
subset of the LTE physical layer features defined for 3GPP-LTE compliant devices is
implemented. The following section gives a detailed overview over the implemented PHY
features. The downlink transmitter and receiver include the implementations of the following
channels:
- Primary Synchronization Channel (PSCH), built from a Zadoff-Chu sequence.
- Secondary Synchronization Channel (SSCH), built from a Zadoff-Chu sequence.
- Physical Downlink Broadcast Channel (PDBCH): in our proposed application, it carries
information about the cell and the set of the active physical resource blocks available
for allocation.
- Reference signals, based on distributed pilots (time/frequency).
- Physical Downlink Control Channel (PDCCH). This channel carries the UE allocation
information, i.e. active Resource Block (RB) and Modulation-Coding Scheme (MCS)
per user.
- Physical Downlink Shared Channel (PDSCH).
The frame format for antenna 0 is depicted in Figure 2-15.
The downlink receiver receives the IQ samples in time domain from the RF. The Digital Front
End (DFE) performs the IQ impairment compensation, digital down conversion, frequency shift
and the down conversion from the Analog to Digital Converter (ADC) sample rate to the
minimal sampling frequency.
The first processing step in the downlink receiver is the synchronization. Coarse time domain
synchronization is performed. Then the primary and secondary synchronization signals are used
for radio-frame synchronization. CFO estimation as well as compensation is also realized based
on an estimation derived from the synchronization algorithms. When the receiver has two
receive antennas, the initial synchronization is done on the antenna port with the maximum
received power. The primary synchronization signal is detected by a 1 bit correlation. Only a
subset of possible positions is checked thanks to the a priori knowledge from the coarse
synchronization procedure. To avoid misdetection, a validation unit checks that the peak
amplitude is higher than a given threshold. After multiple synchronization signals are detected
consecutively the position of the start of the radio frame is calculated. This position is used to
pass an entire time-aligned radio frame to the subsequent modules.

Figure 2-15: Frame format for antenna 0. A small set of RB is depicted.
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After the frequency domain transformation, physical downlink channels are decoded. First the
Physical Broadcast Channel (PBCH) channel is extracted. The PSCH and SSCH are used to
perform channel estimation. Linear interpolation is used to compute the channel coefficients for
each Resource Element (RE). Then each RE is equalized and Quadrature Phase Shift Keying
(QPSK) demapping is performed with corresponding Log Likelihood Ratio (LLR) computation.
Then the transport channel is decoded after de-interleaving, de –rate matching and Viterbi
decoding. The Cyclic Redundancy Check (CRC) is checked and if no error is detected, BCH
message is extracted to determine the set of active RBs available for allocation. If the CRC is
not correct, a new synchronization process is asked.
When the message carried by the PBCH is decoded, the active RBs are extracted for each
antennas and the PDCCH channel is decoded to determine the UE allocations. After that
reference signals are demodulated for each receive antenna. Channel coefficients at reference
signal locations are estimated after amplitude and sign compensation. A fine CFO and the
Channel Impulse Response estimation are processed. Based on that, a frequency interpolation is
performed followed by a time interpolation. The time interpolation is limited to a linear
interpolation on 1ms (this part could be enhanced in the future if needed). Channel coefficients
for each resource elements are stored and fed to the next processing blocks.
Given the active REs and the corresponding channel coefficients, PDCCH symbols are
equalized. LLRs are then fed to the transport channel decoder. If the CRC is valid, the UEs
allocation is extracted. If the control manager detects that a resource block is dedicated to the
UE of interest, the MCS and active RBs are interpreted and the PDSCH decoder’ chains are
configured (modulation, detector, rate matching, interleaver …) and activated. PDSCH are
decoded and payload bits are sent to next layer when the CRC are valid.

2.2.1.2

Transmitter

The transmitter scheme is depicted in Figure 2-16. We denote M the number of carriers, and N
the number of subcarriers. There are N subcarriers per carrier. To maintain orthogonality, only
N/2 subcarriers bear data per carrier. The subcarrier allocation depends on the carrier index
parity. For each BF-OFDM symbol, N/2 data are mapped in frequency domain, an IFFT of size
N is applied to each carrier, and a CP is appended. It ensures the circularity of the received
signal. The outputs of the M stages are then fed to a filter-bank parametrized by a prototype
filter with an overlapping factor K. As in typical FBMC transmitter, an overlap and sum
operation is realized by the PPN. Symbols are then transmitted each M/2 samples. A predistortion stage is applied to each subcarrier, and has two objectives: i) ensures that the receiver
stage can be based on single FFT ii) compensates the effect of the distortion of the filter bank
(phase and amplitude). The insertion of a CP aims to avoid inter-symbol interference and makes
simple the equalization in the frequency domain.

Figure 2-16: BF-OFDM transmitter scheme.
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The transmitter architecture is illustrated in Figure 2-17. The transport channel processing
(CRC, segmentation, channel coding, interleaving, …) as well as radio resource management
are performed by the embedded processor (i.e ARM). Binary sequence is 4-bytes aligned and
transferred to the FPGA through the AXI bus using a dedicated protocol. Two memories are
instantiated to store the bit streams associated to PDSCH and PDCCH channels. The symbols
(QAM format) for PDBCH, PSCH, SSCH are loaded into a dedicated memory. Eventually
pilots data are on-the-fly generated using a pseudo-random binary sequence generator. A
module dedicated to the framing is responsible for the time frequency grid generation according
to the selected MIMO scheme and modulation format for each RB allocation. Then, complex
samples are sent to the two BF-OFDM transmitters.

Figure 2-17: BF-OFDM transmitter architecture. Blue boxes correspond to hardware
modules designed in RTL. Brown boxes are for memories.

The format of the messages exchanged between the processor and the hardware modules are
described in Figure 2-18 .
8b

8b

16b

8b

8b

16b

64b
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TTIN

NbA

reserved

MCS

reserved
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payload
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MCS
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16b
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64b
MaskAllocation
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payload

8b
MCS

reserved

16b
Nbits

variable 32Xb
payloadCCH

8b

Figure 2-18: Frame format for ARM to FPGA exchange for TX.

The description of the fields is given below:
Fields
Description
It specifies the TTI number in which the bitstream will be
TTIN
sent
NbA
It specifies the number of allocation for the current TTI
MCS
Modulation and MIMO scheme
Nbits
Size of the payload
Description of the RB allocation mask for the given
MaskAllocation
channel
The BF-OFDM transmitters are implemented using IFFTs and PPN. The filter coefficients are
loaded during the initialization phase of the FPGA. A procedure is implemented to change onthe-fly the prototype filter coefficients if requested, for instance depending on the traffic type.
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Receiver

The receiver is dedicated to one user. A FFT on MN/2 samples each NCPM/2 +MN/2 samples is
performed, where NCP is the length of the cyclic prefix for the OFDM part. Thanks to the
predistorsion module at the transmitter, the receiver is only a simple CP-OFDM receiver. The
receiver architecture is depicted in Figure 2-19 .

Figure 2-19: Architecture of the receiver.

The sampled signal received at the analog-to-digital converter is first conditioned by the digital
front end to the appropriate sampling frequency into a baseband signal. A Time Domain (TD)
synchronization processor is used at the output of the digital front end and determines the
beginning of the radio frame as well as the estimation of the coarse carrier frequency offset. The
module runs in parallel to the FFT module that is controlled by the TD synchronization module.
Appropriate control sets the size of the FFT. The FFT module is followed by Frequency
Domain (FD) processor. This module is responsible for demultiplexing the physical channel,
performing the PDCCH decoding and the PDSCH demodulation (including LLR computation).
The FD processor is followed by two Froward Error Correction (FEC) processors for decoding
the transport channels. The ARM processor is dedicated to configuration purpose as well as the
interfacing with higher layer.
A detailed description of the frequency domain processor is given in Figure 2-20. This module
is the core of the receiver as it is responsible of channel estimation and symbol detection. Blue
boxes correspond to hard-wired modules. Brown boxes are for memories.

Figure 2-20: Detailed architecture of the frequency domain processor.

The signal at the output of the FFT is first de-multiplexed to extract the physical channel. The
complex samples corresponding to PDBCH, PSCH and SSCH are forwarded to the ARM
processor for BCH decoding. The decoding of the CCH channel is hard-coded to minimize the
latency. As the CCH mapped on a TTI carries allocation information for the current TTI, a low
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latency detection/decoding is necessary. A pipeline architecture for equalization as well as
transport channel decoding have been implemented. The CCH packet decoder is also hardcoded for minimizing latency (based on hard-wired state machine). For the user of interest, the
RB allocation configuration and the MCS field is extracted. The set of configuration registers
for the MIMO/SISO detector and the FEC is computed by the DSP according to the MCS and
the number of allocated RB.
A fine Carrier Frequency Offset estimator is also implemented. This block works on scattered
pilot to track the oscillator drift. This module is also a peripheral of the DSP. Eventually a soft
output MIMO/SISO detector is part of the FD processor. LLR values are determined form the
received complex symbols and fed the FEC processors.
Pilot symbols are first frequency interpolated and stored into a shared memory. Then the
channel is time interpolated to determine for each time and frequency instant the channel (4
complex channel coefficients per time and frequency sample). The shared memory can be
accessed by a dedicated DSP. This choice has been driven by the amount of control required by
some processing blocks (Channel Impulse Response (CIR) estimation, Channel interpolator
configuration, Channel Quality Indicator (CQI) and rank estimation…) which are therefore
more adapted for implementation on an embedded software processing unit. The DSP is built
using a 16bit microcontroller core and dedicated peripherals. It is compatible with Texas
Instruments' MSP430 microcontroller family and can execute the code generated by any
MSP430 toolchain in a near cycle accurate way. The core comes with some peripherals (16x16
Hardware Multiplier, Watchdog, General Purpose Input/Output (GPIO), TimerA, generic
templates), with a Direct Memory Access (DMA) interface, and most notably with a two-wire
Serial Debug Interface supporting the MSPGCC GNU Debugger (GDB) for in-system software
debugging. Additionally we integrate some specific peripherals for processing complex number:
a 16x16 Hardware complex multiplier, a CORDIC, three memory interfaces and a FFT
Hardware accelerator. The FFT coprocessor designed to perform FFT and IFFT computations
on complex data vectors ranging in length from 8 to 256 points (powers of 2). It implements a
Radix-2 Decimation in Time (DIT) structure that returns the FFT or IFFT result in natural order.
Two peripherals for interfaces are also integrated.
The DSP design structure is depicted in Figure 2-21.

Figure 2-21: DSP design structure based on OpenMSP430 design [MSP430].

The Frontend module performs the instruction Fetch and Decode tasks. It also contains the
execution state machine. The Execution unit contains the Arithmetic-Logic Unit (ALU) and the
Dissemination level: PU

Page 33 / 71

FANTASTIC-5G

Deliverable D5.2

register file, this module executes the current decoded instruction according to the execution
state.
The Serial Debug Interface contains all the required logic for a debugging unit. Communication
with the host is done with a standard two-wire interface following either the Universal
Asynchronous Receiver Transmitter (UART) 8N1 or Inter-Integrated Circuit (I2C) serial
protocol. The Memory backbone performs a simple arbitration between the frontend, executionunit, DMA and Serial-Debug interfaces for program, data and peripheral memory accesses.
Concerning the OpenMSP430 peripherals, the Basic Clock Module generates internal clock and
the Special Function Registers (SFR) block contains diverse configuration registers (Nonmaskable interrupt, Watchdog, ...).

2.2.1.4

Key building blocks description

2.2.1.4.1

Time domain synchronization

The first step before CP-OFDM based modulation decoding consists in timing synchronization
recovery in order to localize the FFT window.
Within the transmitted frame, one symbol is reserved to timing synchronization: PSCH.
The first step of timing synchronization relies on correlation between the input signal and the
Nfft-delay signal in order to align cyclic prefix part of the signals (see Figure 2-22) [Kro05].
This enables to get a coarse timing synchronization. Once this step has been carried out, the
second step is the cross-correlation between the input signal and the PSCH sequence around the
coarse timing position. The number of positions depends on the quality of the coarse
synchronization.

Figure 2-22: Coarse synchronization decision variable.

These processes are described in the architecture depicted in Figure 2-23.

Figure 2-23: Architecture of the synchronization module.

The coarse synchronization module is mainly based on auto-correlation process over the cyclic
prefix. The input signal is delayed for FFT-size samples. This will get the cyclic prefix part of
the symbol in phase. The conjugate complex multiplication and cyclic prefix-size accumulation
allow to get the start of the symbol. It provides the decision variable as described in Figure 2-22.
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Based on the autocorrelation power, the coarse synchronization is following a 3-steps process:
1- Acquisition state: the maximum value is sought within a symbol length window. A free
symbol counter (0 to Nfft+Ncp) enables, according to the maximum position, to
determine an initial opening window that will initiate the next state. This position
occurs approximatively at the middle of the symbol, and thus we assume that there is
only one peak within the window even though its position is not stable.
2- Confidence state: this state confirms the window position by checking whether the
maximum value is always at the same position (+/- ∆ samples). This checking happens
several times before stepping to the tracking state. If the position exceeds the +/- ∆
samples window, the state machine return to the acquisition process.
3- Tracking timing position state: when this state occurs, the system is synchronized and
starts of symbol are generated. A “lock” signal is generated, and the fine
synchronization can be processed. The start of the window is managed exactly the same
way than in the previous step, and as previously, if the position exceeds the +/- ∆
samples window, the state machine returns to the acquisition process.
This module also provides a CFO estimation to correct the data flow before fine synchronization
cross correlation. The In-Phase and In-Quadrature data for CFO estimation are given by the
maximum value of the correlation. The arctangent module gives the sample angle rotation.
The aim of the fine synchronization module is to provide precise start of symbol and the start of
frame. The coarse synchronization module provides the approximate position of the start of
symbol for each frame. For instance, in the Figure 2-24, the symbol #1 is perfectly referenced
but the second is a bit late. Around each sample position, several correlations with the PSCH
sequence are launched in parallel. The number of correlations depends on the precision of the
coarse synchronization accuracy. The maximum value of the correlation provides the start of
frame and thus new starts of symbol that are symbol-length spaced.
A fine sync lock signal is also generated.

Figure 2-24: Fine synchronization sample position.

In case of multiple antennas at the receiver, each antenna gets its own synchronization
processing. But, global synchronization signal is selected from the one which is locked, or if
several modules are locked, from the module which shows the higher PSCH correlation power
as it is shown in Figure 2-25.
2.2.1.4.2

Deframer

The aim of the module is to separate the different channels, extract the reserved pilot and data
subcarriers, and generate synchronization signal useful for others decoding module. Obviously
these operations take place in the frequency domain.
The inputs of the module consist of the output of FFT module signals: validation of the data,
subcarrier index and start of frame.
The frame duration is 10ms, and one OFDM symbol is composed of several resource blocks. A
resource block can be enabled/disabled by programming the module. Each resource block
contains reserved subcarriers and pilot subcarrier. For both, there are two patterns that are
characterized by the first active subcarrier and the repetition.
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Figure 2-25: Multiple antennas synchronization.

2.2.1.4.3

Soft output MIMO detector

The algorithm is based on the soft-output sphere decoding presented in [SBB08] and
particularly the detection is performed as a tree search. The output of the MIMO decoder in that
case is directly the LLR to feed to the Viterbi decoder.
The algorithm is based on the computation of
decomposition of (meaning that

with

that becomes
and an upper matrix).

after

Each branch of the tree is associated with a distance. The minimum distance that yields a ‘0’
and ‘1’ bit is sought. The max-log approximation LLR is the difference between these two
distances.
The following gives an example for a QPSK modulation. The notations are:

and

and

take their values in
. Considering the mapping
and
, we get the tree in Figure 2-26. The distances are linked on each
branch. The final distance is the accumulation of each distance. The minimum for each bit of the
symbol is sought. For instance, the probability to have ‘0’ at the position #0 is given by the
minimum distance of the first eight branch terminations. And the probability to have ‘1’ at the
position #0 is given by the minimum distance of the last eight branch terminations.
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This could be easily extended to a M-QAM modulation, the tree has then
considering 2x2 MIMO system.

terminations

The architecture that implements this algorithm is given Figure 2-27. The input interface loads
the channel estimation and the frequency domain received data, and re-arranges them into
matrixes that are compliant with the matrix computation modules (in this case, “QR
decomposition” and “matrix multiplication”). As the architecture is not fully pipelined, its aim
is also to provide a ready for data signal to regulate the throughput. The “ready for data” output
from the interface must be true. If it is not, it means then that the input throughput is not
supported.
The QR module operates on real 4x4 matrix. It is based on Givens rotation.
Getting the
and
, all the distances (for instance, 16 distances for a QPSK) are
computed. According to a validation table which provides, for each bit position within the
modulation symbol, the distances to take into account, the minimum value for bit 0 and bit 1 are
subtracted to get the LLR.
To improve the throughput, distances of each branch are computed in parallel (this drastically
increases the hardware complexity). For that purpose, 16 distances are computed in parallel, and
the frequency processing is 125MHz. The maximum throughput for a QPSK modulation is
250Mbps, where as it is 62.5Mbps for a 16QAM modulation. Obviously, such a system is not
relevant for high order modulation.

Figure 2-26: Example of the tree search for a QPSK modulation.

Although the tree grows up with the modulation order, it has no other impact than increasing the
“validation table”. Thus, the hardware complexity (in terms of number of logic elements) of the
detector does not depend on the modulation.

Figure 2-27: Architecture of the ML-detector.
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Zero-forcing detector

In order to be able to deal with higher order modulation, we took into consideration the ZF
detector. In that case an external LLR computing unit is used contrary to the soft output MIMO
decoder presented above.
The system consists of 2 emission antennas and 2 reception antennas. The received vector is
written as
where is the emitted 2x1 complex vector, the 2x2 channel matrix
and the noise 2x1 vector.
The zero-forcing detector finds the matrix filter
The criterion to find is:

that provides the equalized vector

.

The solution of this equation (MMSE) is:

In our case, we do not take into account the knowledge of the noise variance since we consider
suboptimal ZF detector.
The implementation is given Figure 2-28. All the complex matrices are transformed into real
matrices. The architecture is fully pipelined, meaning that the output throughput is equal to the
input throughput. The main module is the matrix inversion. The solution is obtained by
Gaussian elimination with partial pivoting over a 4x4 square matrix.

Figure 2-28: Architecture of the ZF detector.

2.2.1.4.5

LLR computation

Considering the equalized vector

, we can rewrite this as:

Under perfect equalization assumption with Zero Forcing (meaning that
equalized data from antenna #i is:

the

The LLR is the ratio between the probability to get the bit 0 and the probability to get the bit 1
with the knowledge of the equalized data:

After probability manipulation, the formula becomes:
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With
the alphabet that gives bit 0 and
number.

the alphabet that gives bit 1, and i the antenna

. Let’s compute the different value of

Under Gaussian noise assumption,
the equation:

Where

is the variance of the Gaussian noise.

The general formula is:

Let’s give an example for a QPSK, gray coding.
The bit 0 is obtained by
and

and

and the bit 1 by

.

By developing the expression of the LLR, we get:

For higher order modulation, the max-log approximation is used.

2.2.1.4.6

Forward Error Coding (FEC)

The implemented FEC scheme is based on a standard K=7 tail biting convolutional code with a
mother coding rate of 1/2. The code may be punctured to support variable encoding rates. The
convolutional code is segmented by blocks of fixed size. A low complexity and flexible design
has been implemented. To limit the amount of memory required at the receiver - for soft bit
storage at the receiver size - the bitstream to be encoded is segmented into p block. A 16 bits
CRC is added at the end of each block. The bits are then encoded (including the insertion of tail
bits) and punctured. The output of the encoder is forwarded to a bit interleaver of a size equal to
a multiple of the output length of the encoder. Padding bits are inserted to build a set of bits of
size equal to the amount of bit carried by the RB allocation. The encoding scheme is depicted in
Figure 2-29. It is worth mentioning that the proposed structure allows to implement advanced
Physical (PHY)/Media Access Control (MAC) optimization such as Automatic Repeat reQuest
(ARQ) or Hybrid Automatic Repeat reQuest (HARQ).
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Figure 2-29: FEC processing example.

The architecture of the receiver is depicted in Figure 2-30. The input LLR are quantified with 8
bits (signed: +127, -127) to support a large dynamic range to meet 256 QAM performance
requirements.

Figure 2-30: FEC decoder architecture.

A ping-pong memory of size 4096 x 8 bits is required for the interleaving function. Then LLRs
are fed to the Viterbi decoder. A blind coded bit error rate estimator is implemented for debug
purpose. CRC is checked and decoded bits are grouped into word (32 bits). A header and debug
information are also added. The output of the decoder can be fed to an external interface or
buffered into an internal buffer. The internal buffer may be accessed by the processor through
the AXI bus. A dedicated configuration manager is also implemented to control the decoder.
The configuration of the decoder can be modified on-the-fly (variable length and coding rate
from a set of bits to another).
The decoder has been synthesized on the CEA platform (Xilinx Zynq xc7z045 FPGA) and
decoding performance as well as complexity have been evaluated. As an example, performance
has been assessed for a QPSK modulation associated with a rate 3/4 convolutional code on an
AWGN channel. The decoder is implemented into the FPGA (8 bits LLR) while all the others
functions (bitstream generation, channel) are performed by the embedded processor.
Performances are compared with the floating point reference Matlab model. The estimated
Packet Error Rate (PER) is depicted in Figure 2-31.
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Figure 2-31: PER vs Eb/No for the proposed decoder and comparison with the floating
point reference model.

As expected, the performances are similar due to the range of the LLR.

2.2.2 PoC intermediate version and results
2.2.2.1

Complexity assessment

This section sums up the FPGA synthesis results targeting Xilinx xc7z-045ffg676-1. The
complexity of the design for each block is given by the amount of Slice Registers, LUT and
DSP48E1 cells used by the different modules of the design. Slice Registers correspond to the
amount of register cells used, while LUT to the amount of combinatorial logic in the design.
DSP48E1 cells are DSP cells dedicated to multiplication and accumulation operations. The
design is constrained by its clock frequency that is set to 140 MHz. The FFT size at the receiver
is equal to 4096, with M=128, N=64 and NCP=4.
The amount of logic available is given in Table 2-6.
Table 2-6: Xilinx xc7z-045ffg676-1 logic elements.
Slice LUTs
Slice register
Block RAM
DSP

Total Available
218600
437200
545
900

Table 2-7 gives the synthesis results for the timing synchronization. This table shows the impact
of the window opened for fine synchronization. The figures of the amount of logic used are
given for the processing for a ±10 samples window and for a ±20 samples window. The
complexity is then approximately multiplied by two.
Table 2-7: DL SYNC synthesis

Slice LUTs
Slice register
Block RAM
DSP
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Total logic elements used

Percentage

±10 samples
37400
31400
102
200

±10 samples
17.1%
7.2%
18.7%
22.2%

±20 samples
64600
54700
102
360

±20 samples
29.6%
12.5%
18.7 %
40%
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The Table 2-8 gives the synthesis result of the deframing that takes place after the FFT. The
complexity can be neglected. This module is indeed mainly composed of control processing.
Table 2-8: RX DEFRAMING synthesis results.
Slice LUTs
Slice register
Block RAM
DSP

Total Available
218600
437200
545
900

used
100
160
0
0

Percentage
<1%
<1%
0%
0%

The Table 2-9 gives the synthesis result of the maximum likelihood detector using 8 distance
blocks in parallel, and 16 distance blocks. The main gain is related to the amount of memory.
Table 2-9: ML DETECTOR synthesis.

Slice LUTs
Slice register
Block RAM
DSP

Total logic elements used

Percentage

8 distance blocks
63700
68300
95
394

8 distance blocks
29.1%
15.6%
17.3%
43.8%

16 distance blocks
81300
82500
175
394

16 distance blocks
37.2%
18.9%
32%
43.8%

The Table 2-10 gives the synthesis result of the zero-forcing equalizer. This ZF module is very
sensitive to the dynamic all over the chain. To obtain these figures, the input dynamic is 11bits,
the inversion dynamic is 10 bits and the output result is on 8 bits. Several tests have been carried
out, and this quantization yields a good tradeoff between hardware complexity and accuracy of
the equalized vector.
Table 2-10: ZF DETECTOR synthesis results.
Slice LUTs
Slice register
Block RAM
DSP

Total Available
218600
437200
545
900

used
50600
63900
195.5
214

Percentage
23%
14.6%
35.9%
23.8%

The Table 2-11 gives the synthesis result for a 4096 FFT. The design contains 2 FFT modules to
decode each antenna path.
Table 2-11: FFT synthesis results.

Slice LUTs
Slice register
Block RAM
DSP

Total Available
218600
437200
545
900

used
3700
7100
26
51

Percentage
1.7%
1.7%
4.8%
5.7%

The Table 2-12 gives the synthesis result for the module that computes the LLRs. The supported
modulations are QPSK, 16QAM, 64QAM.
Table 2-12: Soft demapper synthesis results.

Slice LUTs
Slice register
Block RAM
DSP

Total Available
218600
437200
545
900

Used
3700
4600
26
4

Percentage
1.7%
1.1%
1.2%
3.9%

Last but not least, the amount of cells used by the FEC decoder is summarized in Table 2-13.
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Table 2-13: Complexity of main FEC modules.

AXI interface
Configuration manager
CRC
Interleaver
Scrambler
Viterbi (+CBER estimation)
Internal buffer
Control
Total

Slice LUTs
53
813
13
205
23
5363
99
351
6920

Slice Registers
86
1869
20
180
29
1998
41
388
4611

Block RAM
2
0
0
1
0
3
4
1
11

DSPs
0
0
0
1
0
0
0
0
1

As expected, most of the complexity is to be found in the Viterbi decoder. It should be noticed
that the interface (AXI and internal buffer) required half the required memory.

2.2.2.2

Intermediate demonstration

A first demonstration of the intermediate PoC was achieved at European Conference on
Networks and Communications (EuCNC) in June 2016 (see the figure below), following an HW
in the loop approach where the digital modem is implemented in Matlab and the CEA’s
baseband board is used as input/output buffer and digitizer (as an USRP). Achievements were
the following:
 Demonstration of compatibility of BF-OFDM with MIMO and LTE signaling
(following LTE-like frame structure depicted in Figure 2-15).
 Spectral efficiency up to 12 bit/s/Hz (256-QAM, 2x2, 3/4).
 Coexistence with legacy OFDM-based transmission (LTE-M), as can be seen on Figure
2-32 below (5G waveform on the left hand side of the spectrum and LTE-M spectrum
on the right hand side).
 Fragmented spectrum usage is addressed digitally.

Figure 2-32: CEA’s demonstration at EuCNC 2016.

Next steps for the HW PoC are the implementation of the remaining blocks (mainly the channel
estimation module) in order to be able to get over the air real time transmissions and carry out
the overall performance assessment.
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Pulse shaped OFDM for TA-free low latency
transmission

The demonstration platform at HWDU aims to enable over-the-air low latency real time data
transmission using a flexible radio interface. Such a platform has been developed under the
following considerations. First, the radio interface should be flexible and may be reconfigured
on the fly. Second, baseband signal processing can be either real time or offline. Third, the radio
subsystem can be easily integrated with an On-Board Unit (OBU) of a vehicle, which is
typically based on general purpose computer system. Last, the radio subsystem should have
small form factor and low power consumption, making it possible to be integrated in a car.

2.3.1 Implementation of PoC components and
algorithm/architecture optimizations
2.3.1.1

Architecture

Based on the aforementioned considerations, each of the radio transceiver prototypes consists of
three major components, namely BaseBand Unit (BBU), Radio Frequency Unit (RFU), and
Radio Frequency External (RFE) module, as illustrated in Figure 2-33.

Figure 2-33: Overall system design for the flexible radio testbed.

For the implementation of the BBU, a reference link was developed in Matlab. This reference
link not only enables quick evaluation of the algorithms, but also generates parameter files
which are used to configure the real-time implementation. When offline evaluation is used, I/Q
samples are generated using the reference link and exported to data files. On the receiver side,
the received I/Q samples are imported to Matlab and processed in the reference link. This allows
quick evaluation of the new algorithms of interest. The real time implementation was developed
using optimized C on Intel x64 platform. Data level parallelism has been exploited by using
Single Instruction Multiple Data (SIMD) libraries. This optimizes implementation of algorithms
such as large size FFT, complex-valued FIR filter and Turbo encoder/decoder in terms of
computational time.
The RFU module is based on the NI/Ettus USRP X310 SDR platform. Global Positioning
System (GPS) based synchronization is implemented in order to synchronize transmission from
different RFUs. Using the 10MHz reference and the 1 pps common trigger, the USRPs’ internal
time counter can be aligned. In such way, each transmitted/received frame can be stamped by
the GPS time, greatly facilitates synchronization of the multi-node network.
The RFE module consists of an external power amplifier and corresponding switch. This
enables transmit power boosting up to 30 dBm. This is necessary if the transceiver prototype is
configured as a base station.
The PoC activity at HWDU has been focused on two scenarios, namely asynchronous
transmission for MMC and high mobility scenario for V2X. The goal is to demonstrate
potentials of a flexible air interface design, namely pulse shaped OFDM. Enabled by a universal
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system design, a system is capable of adapting itself to various scenarios by a flexible
configuration of the pulse shaping coefficients.
For the MMC scenario, the goal is to show that pulse shaped OFDM with a frequency localized
pulse design is able to support asynchronous transmission in the uplink where no TA is
implemented. The TA-free consideration means to reduce the signaling overhead for low data
traffic applications. For this purpose, a simplified version of the demonstration platform is
employed, where all baseband processing is carried out using the reference link in Matlab. Since
no synchronization between devices is required, no external GPS clock is involved.
For the V2X scenario, the radio transceiver prototypes need to be integrated in cars for field
trials in order to assess the air interface design in real outdoor time variant channel. In the
current intermediate PoC version, some field trials have been already done and several
experiments were carried out in the laboratory using a channel emulator. A complete version of
the radio system is employed. A block diagram with interfacing details is provided in Figure
2-34. The BBU and the RFU are connected via 1Gb or 10Gb Ethernet which handles a highest
sampling rate of 25Msps and 200Msps, respectively.

Figure 2-34: Block diagram of radio sub-system including interfacing details.

2.3.1.2

Transceiver implementation

The testbed supports fully re-configurable frame structure and numerology definition including
pulse shape design, subcarrier spacing, system bandwidth, TTI duration, pilot patterns. This
allows to investigate several configurations in various scenarios in the lab and the field. Figure
2-35 shows an example of the frame structure used in the V2X experiments. In order to track the
time dispersive channel in high Doppler scenarios, pilot symbols used for channel estimation
spread over all OFDM symbols. In Figure 2-36, a block diagram of the functional elements
implemented in the BBU can be found. Compared to the conventional CP-OFDM
modulator/demodulator, subcarrier-wise filtering units are introduced at the both transmitter and
receiver sides. Implemented using the PPN based structure, the additional computational
complexity introduced by the pulse shaping filter is marginal especially when relatively short
pulses are employed. A comparison of computational complexity is shown in Figure 2-37 for
transceiver with different pulse shaping coefficients. It can be observed that when short pulses
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are adopted, the computational complexity required for P-OFDM modulator and demodulator is
1% higher than the classical CP-OFDM. In case that a pulse as long as four symbol duration is
adopted, the complexity is increase by merely 30%.

Figure 2-35: Frame structure example for real time measurement.

Figure 2-36: Transceiver block diagram.

Figure 2-37: Computational complexity comparison for de-/modulators using different
pulse shapes.
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2.3.2 PoC intermediate version and results
2.3.2.1

Asynchronous transmission based on P-OFDM

The implementation work for the asynchronous TA-free uplink transmission PoC has been
finished and the results have been demonstrated during the ETSI workshop in May 2016 and
during the EuCNC in June 2016. Figure 2-38 shows the demonstration presented at EuCNC
2016. In the figure, it can be seen that three UEs are transmitting pre-generated CP-OFDM or POFDM signals within their own subbands using different transmit power levels. No
synchronization between these three UEs are established. The receiver synchronizes to each of
the UEs and demodulates the data symbols within its subband. The GUI in Figure 2-39 presents
the up-to-date power spectral density as well as the demodulation performance, such as
constellation diagrams and the bit error ratio evaluation.

Figure 2-38: Demonstration of the asynchronous TA-free uplink transmission at
EuCNC2016.

Figure 2-39 GUI for the asynchronous uplink transmission demo

2.3.2.2

Single link real time evaluation in high-velocity scenario

For the real time evaluation in high-velocity scenario, after major implementation work was
completed, several basic performance validations were carried out in an indoor static scenario.
In Figure 2-40, power spectral density of the adopted P-OFDM waveform design and that of
CP-OFDM is presented. The figures shows that P-OFDM with appropriate pulse design exhibits
out-of-band leakage around -30dB, significantly lower than its counterpart CP-OFDM. An
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evaluation of end-to-end delay can be found in Figure 2-41. It is observed that in the indoor
static scenario, the end-to-end latency less than 1 ms can be achieved.

Figure 2-40: Out-of-band leakage of CP-OFDM and P-OFDM.

Figure 2-41: Evaluation of end-to-end delay.

Going to the high mobility scenario, we also carried out real time measurements using Propsim
F32 channel emulator. The test setup consists of two radio transceiver units. No external power
amplifier is employed. The maximum transmit power was 6 dBm. Pulse-shaped OFDM using a
proprietary pulse design was implemented for real time evaluation. In order to improve the
robustness against Doppler spread in the high mobility scenario, the subcarrier spacing of
90 kHz is adopted. With a sampling frequency of 11.52 Msps, the TTI is fixed at 388 μs. As an
initial trial, we evaluated link performance based on the two OFDM based air interfaces, namely
CP-OFDM and P-OFDM. The channel emulator provides time variant channels based on the
two channel delay profiles. From Figure 2-42, it can be observed that the P-OFDM outperforms
CP-OFDM for both channels (EVA70 and V2V Urban NLOS). Reliability of 1-10-5 is achieved
at 15 dB SNR for EVA70, and at 19 dB for V2V NLOS.

Figure 2-42: Link performance of CP-OFDM and POFDM.
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Post- and Parameterized-OFDM waveforms for low
latency transmission

MCC service has extremely challenging Quality-of-Service (QoS) requirements, e.g.



ultra low latencies < 1 ms end-to-end on all layers,
highest reliability with packet error rates < 10-6 to 10-9.

In this section, we present results on a physical layer implementation fulfilling such stringent
communication requirements [WHM+16]. The system is based on a powerful SDR signal
processing platform. The radio frame structure is latency scalable and can achieve end-to-end
latencies below 1 ms.

2.4.1 Implementation of PoC components and
algorithm/architecture optimizations
Wireless Ultra-Low Latency (ULL) communication requires an optimized physical layer, e.g.
through adjustments of the common symbol duration and a redesign of the radio frame
structure. Furthermore, the data and control channels have to be adapted, including the reference
and synchronization signal design. In a first attempt towards a New Radio PHY implementation,
we did modifications on LTE as our baseline system for 5G latency-constrained
communication (see Figure 2-43). To achieve this, we applied two concepts:



Scaling of subcarrier spacing, by using a common sample rate of 30.72 MHz for
different FFT sizes which in fact leads to an overclocking of the LTE system - see
Table 2-14.
Scheduling based on reduced transmission time intervals [36.881], by using a short
TTI of less than 14 OFDM symbols - see Table 2-15.

Table 2-14: 5G PHY Scaling of Subcarrier Spacing: Parameter set for a 20 MHz ULL frame
design (18 MHz effective bandwidth) in future 5G networks [WHM+16].

Table 2-15: 5G PHY Scheduling based on TTI Reduction: Payload (coded bits) for a
common TTI size of 14 OFDM symbols and a short TTI size of 7 OFDM symbols of the
proposed implementation of a modified 20 MHz ULL system as shown in Table 2-14.
Payload considerations do not include synchronization signals [WHM+16].

We use rate 1/2 convolutional coding to support reliable user plane transmission and real-time
signal processing for short packet sizes. For the implementation, we use a self-developed SDR
hardware platform as described in [WMP+15]. It consists basically of two components: First, a
high performance DSP platform, equipped with two SoCs each with four DSP cores, several
accelerators and high speed interfaces. Second, a flexible remote radio head with up to eight
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antenna ports and tunable frequency range of 70 MHz to 6 GHz. Both are interconnected via the
high-speed Common Public Radio Interface (CPRI) as optical fiber link.

Amplitude

Amplitude

Amplitude

The primary and secondary synchronization sequences (PSS and SSS) in Figure 2-43 are
marked with blue colors. The first OFDM symbol of a group of 7 OFDM symbols is marked
with light rose color. This corresponds to the OFDM symbol with 160 time samples, while gray
OFDM symbols contain 144 time samples. This is done in order to achieve symbol termination
on a subframe boundary over mixed numerologies such that all radio frames can be terminated
at a millisecond boundary.
LTE Subframe Structure (k=1)
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Figure 2-43: Potential ULL radio frame structure [WHM+16].

2.4.2 PoC intermediate version and results
We evaluate the one-way latency performance based on approximately 10 million transmitted
packets over a single short wireless link, using one transmit and one receive antenna. The full
system setup is described in [PMW+16]. An intermediate version of this PoC has been
presented during the EuCNC in June 2016. Here, we refer to User Datagram Protocol (UDP)
packets of 32 Bytes payload size of randomized data which are streamed in short Ethernet
frames. The latency statistics for different ULL system parameters are shown in Figure 2-44.
Even for highest percentiles, e.g. in 99.999% of the transmissions, the latency budget arising
from our PHY implementation (layer 1 / L1) with optimized MAC functionalities (layer 2 / L2)
fulfills 525 µs for k = 4, i.e. for a subcarrier spacing of 60 kHz. Considering such latency as
successful packet transmission, this corresponds to a packet outage below 10-6. The
measurement system was running on an Intel Core-i7 based processor running a standard Linux
operating system with real-time kernel. Besides measuring the L1/L2 latency budget, we also
evaluate the end-to-end latency over all layers, i.e. we study the impact of higher layer building
blocks of the setup, giving up to 200 µs overhead.
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Figure 2-44: Latency for different ULL system parameters (32 Byte payload, TTI
scheduling with 14 OFDM symbols) [WHM+16].

Finally, we conducted Round Trip Time (RTT) measurements using the Internet Control
Message Protocol (ICMP) ping protocol. For this, the one-way ULL signal processing hardware
was duplicated and set up in a Frequency Division Duplex (FDD) fashion, using the same
building blocks for the downlink and uplink chain. The real-time signal processing remained on
the TI DSP using up to eight C66x cores for downlink and uplink processing, and the Intel
Core-i7 board performing the channel coding. All baseband entities were interconnected using
Gigabit Ethernet links. Furthermore, the software on the Intel protocol stack was enhanced to
encapsulate any received traffic, UDP or TCP, into the ULL frame structure as well as the
unpacking into “normal” data frames, such that any external PC could be connected to the ULL
system. Thus, for a critical communication system a PC could be connected to one of the ULL
communication endpoints, steering and controlling an external device, connected to the other
endpoint of the communication link, as depicted in Figure 2-45. The CPRI connection to the
RF-unit was benchmarked and the delay resulting in unpacking I/Q samples to the First-In-FirstOut (FIFO) buffer within the FPGA results in a negligible delay of approx. 5µs for a single
communication point. Thus, the resulting RTT delay on the RF side is max. 20µs. Also, note
that all involved IP stacks, on the Intel machines as well as possible routers and switches inbetween both links.

Figure 2-45: End-to-end signal processing chain used in conducted RTT measurements
using the ICMP ping protocol.

The ICMP data results were captured from the standard Linux command line ping. An example
is shown in Figure 2-46. Delay statistics were captured over several minutes. No other data
traffic was running on the Gigabit Ethernet interfaces, since the involved operating systems
might have dropped ICMP messages in favour of TCP or UDP datagrams. The result in Figure
2-46 demonstrates that any protocol can be attached to the ULL system, since a standard Linux
computer was used to run the tests.
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Figure 2-46: Linux command line ping transporting ICMP packets of 64 bytes between
PLC and Robot interface.

Finally, Figure 2-47 shows the latency distributions of the collected ICMP statistics. The RTT
stays well below 2 ms for the 60 kHz subcarrier spacing and 14 OFDM symbols. If larger
subcarrier spacing is combined with shortened TTI, e.g. 7 OFDM symbols, the RTT can be
further reduced and stays even below 1 ms (blue-dashed line). Since control messages mostly
involve short packets, it seems feasible to reduce the packets size and thus combine larger
subcarrier spacing with a shortened frame structure. Furthermore, the measurements allow a
decoupling of the ULL air interface, by performing direct ICMP measurements without the
L1/L2. The results are shown in the red curve below. This shows the overheads caused by
protocol handling of the involved operating systems and switches, which are in the same order
of 1 ms. Thus, ULL systems have to be carefully designed in order to benefit from an ULL air
interface and other wired interfaces and operating systems have to be accounted for.
1
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Figure 2-47: Latency distribution resulting from ICMP RTT measurements between PLC
and Robot interface, with and without TTI shortening using a normal TTI of 14 OFDM
symbols or a sTTI of 7 OFDM symbols [WHM+16].
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3 Coexistence aspects evaluation PoC
Coexistence of 5G new radio with legacy (LTE-) networks is expected to be an enabler to
increase the efficiency of the spectrum usage. In order to optimize coexistence in shared
spectrum, post-OFDM waveform candidates are studied within the project (and in 3GPP) to
overcome the burden of synchronicity as required for efficient operation of CP-OFDM
waveform. One argument to advance the development of post-OFDM waveforms is the reduced
out-of-band emission, which allows for tighter guard bands leading to higher spectrum
efficiency. On the other hand, improved robustness against asynchronous interferer is expected
from new waveform candidates. In this PoC, coexistence aspects for spectral efficient and
robust multi-carrier techniques are demonstrated under realistic hardware impairments.
The hardware demonstration platform consists of a MATLAB link-level chain connected to a
SDR–based hardware test. The scenario of study is the coexistence of a perfectly synchronized
user located with asynchronous interferers, induced by a guard band and/or time asynchronous
access. The performance is measured in terms of Error-Vector Magnitude (EVM). Further
metrics like Adjacent Channel Leakage Ratio (ACLR) and Block Error Rate (BLER) might be
considered as well. Different settings of time delay and guard carriers between the user of
interest and the asynchronous interferers are considered, as depicted in Figure 3-1.

Figure 3-1: User of interest (n) with asynchronous interferer (n+1 and n-1) with a time
offset, separated by the guard band.

3.1

Implementation of PoC components and
algorithm/architecture optimizations

The components mainly comprise the implementation of different waveform candidates, e.g.
CP-OFDM, F-OFDM, UF-OFDM and FBMC. These waveforms are offline processed on a host
PC using MATLAB. An interface between host PC and hardware is implemented, such that the
signal is directly transferred from MATLAB via Ethernet to the real-time hardware setup. On
the receiver side, the signal is recorded and transferred to the host PC for offline processing. The
schematic of the PoC is depicted in Figure 3-2.
The focus is to compare and verify the simulated results under real hardware impairments. Thus
we target a coexistence evaluation of selected IFFT-based waveforms, such as CP-OFDM,
Filtered-OFDM (F-OFDM) and UF-OFDM. In addition, FBMC based on the PHYDYAS-filter
using the Offset-QAM is considered. The comparison of 5G waveform candidates are
conducted along with coexistence experiments on SDR equipment as depicted in Figure 3-3.
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Figure 3-2: Schematic PoC setup.

Figure 3-3: SDR equipment including the remote radio head enabling the coexistence
PoC.

The SDR radio front end depicted in Figure 3-3 features two-antennas operating in duplex-mode
with variable radio frequency signal bandwidth of 5, 10, 20 MHz. The operational frequency
range is between 400 MHz – 4000 MHz, where the maximum output power is 31 dBm at
2.6 GHz. A Time Division Duplexing (TDD)-switch / diplexer and FDD filters allow versatile
operation. The front panel comprises an antenna interface as well as CPRI and Ethernet
interface for configuration. The baseband card consists of two C66x DSPs from Texas
Instruments, including various accelerators like FFT and Turbo decoder. Each DSP is equipped
with four C66x cores, operating with fixed- and floating-point. In addition, a high-speed
interface between the two DSPs enables memory access from both DSPs with above 40 Gbps,
thus supporting joint signal processing. The system clock is distributed via CPRI from the
baseband unit to the SDR radio front end.
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PoC intermediate version and results

The test-case is depicted in Figure 3-4. Two transmitter units are configured to transmit on
individual sub-bands separated by a guard-band, defined as a specific number of sub-carriers.
The receiver is synchronized to the target user, whereas the interfering users are configured to
transmit with time/frequency offsets. A MATLAB-GUI is used to illustrate the effect of
(asynchronous) interfering carrier.

Figure 3-4: PoC hardware test-case to evaluate coexistence aspects.

In praxis, the user of interest in flanked between two interferers, suffering from both signals. For
ease of illustration and verification, both interferers operate with the same parameters, as
depicted in Figure 3-5. The evaluation considers the effect of individual waveform on the intercarrier interference as depicted in Figure 3-6, where an FBMC system is used with overlap
factor 4 and the PHYDIAS filter implemented.

Figure 3-5: In the test-case the user is flanked by asynchronous interferers.
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Figure 3-6: Impact of synchronized waveforms to coexistence of users - FBMC (left) and
CP-OFDM (right).

The performance degradation can be described using the EVM. The basic unit of EVM
RB
measurement is defined over one subframe (1 ms) in the time domain and N BW subcarriers
(180 kHz) in the frequency domain:

EVM 

  Z ' (t , f )  I (t , f )
tT f F ( t )

  I (t , f )

2

2

,

tT f F ( t )

where T is the set of symbols with the considered modulation scheme being active within the
RB
subframe, F (t ) is the set of subcarriers within the N BW
subcarriers with the considered
modulation scheme being active in symbol t, I (t , f ) is the ideal signal reconstructed by the
measurement equipment in accordance with relevant Tx models, Z ' (t , f ) is the modified signal
under test defined in [TS36.104]. Besides CP-OFDM and FBMC, F-OFDM and UF-OFDM will
be evaluated.
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4 Broadcast and multicast SDR-based PoC
FANTASTIC5G is developing a PoC for efficient and flexible support for joint broadcast and
multicast transmissions. The technology component exploits MIMO techniques and nonorthogonal transmissions to increase the throughput and improve coverage. In contrast to the
baseline, the PoC illustrated in Figure 4-1 enables two innovative aspects:
1. Use the entire available bandwidth to transmit several multimedia streams sharing the
same frequency and time resources.
2. Use the spatial dimension to design the coverage of each stream, distinguishing between
broadcast and multicast transmissions.

Figure 4-1: Concept of efficient and flexible support for joint broadcast and multicast
transmissions. Blue line depicts the broadcast coverage, whilst green, yellow, purple and
red lines depict sectored multicast coverage.

This PoC is devoted to reproduce, at small scale, the transmission of joint broadcast and
multicast streams. The theoretical background of this work is part of CTTC contribution in WP4
Task 3.4: Connectivity and access options. The PoC consists of a single transmitter and three
receivers, all equipped with two antennas. The transmitter acts as an Evolved Node B (eNB) and
the receivers as UE. The eNB transmits three videos: one video in a broadcast way, which
should be received by all UEs, and two videos in a multicast way, which should be received by
UEs belonging to the corresponding multicast stream.

4.1

Implementation of PoC components and
algorithm/architecture optimizations

The implementation of joint broadcast and multicast SDR-based PoC consists of two main
components: the software part, which implements all signal processing related procedures, and
the hardware part, which implements the radio-frequency chains and analog components.
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4.1.1 Software components
A software component corresponds to a software program which runs on a general purpose
processing unit (GPPU). The software is composed of four modules: user interface, signal
processing procedures, computing optimizations and hardware driver. The software is written in
C++. The different components of the software are described in the following subsections.

4.1.1.1

User interface

This module displays the GUI where end user can interact with the synthesis/analysis of the
radiated waveform. Depending on the GUI mode, eNB or UE, different aspects are displayed.



In the eNB mode, the GUI displays all multimedia content and the estimation of
spectral power density (Figure 4-2), based on the Welch estimation [Wel67].
In the UE mode, the GUI displays the constellation of each received stream, the
multimedia content, some useful parameters related to the synchronization, cell
search and voltages, and the magnitude of co/cross channels between UE and eNB
(Figure 4-3).

Display of
Broadcast video

Display of PSD

Display of first
Multicast video

Button to
start the PoC

Display of second
Multicast video

Figure 4-2: GUI in the eNB mode working in real time.
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Channel Estimation Plots
Display of
Broadcast video

Error metrics &
throughput of Broadcast

Constellation of
Broadcast video

Voltage measurements

Constellation of
Multicast video

Cell search & synchronization

Display of
Multicast video

Master Block Information
Button to
start the PoC

Error metrics &
throughput of Multicast

Figure 4-3: GUI in UE mode working in real time.

4.1.1.2

Signal processing procedures

This module contains the signal processing procedures such as waveform generation, channel
coding, constellation mapping, etc. The basis of the frame structure is taken from LTE. For this
PoC, control channels, synchronization signals and pilot patterns are the same as in LTE. This
allows the reconfigurability of the standard LTE frame to support the proposed technique as
well as improves the legacy between terminals. Supporting LTE procedures allows the
coexistence of legacy LTE and 5G terminals.
The data channel is modified, such that the superposing of multiple data channels is allowed.
Additionally, channel coding, interleaving, resource mapping also follow the procedures
described by LTE. Figure 4-4 and Figure 4-5 illustrate the signal processing chains for the
transmitter and the receiver, respectively.
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Figure 4-4: Transmission signal processing chain.
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Figure 4-5: Reception signal processing chain.

The method employed in this PoC for joint broadcast and multicast transmissions is by beam
superposition. This implies that each stream is weighted by a beam independently. On the
receiver side, the UE decodes broadcast and multicast streams simultaneously using a joint
approach. This technique reduces the latency and allows parallel optimizations.

4.1.1.3

Computing optimizations

Since all the computation is performed in the software part, there exist some optimizations that
exploit the capabilities of the computer architecture. These optimizations are summarized as
follows:








4.1.1.4

Parallel computing: nowadays Central Processing Units (CPU) support multithreading. This can be used to run different processes in parallel. In the PoC, this
can be used to decode all the multimedia streams in parallel, since they are
independent.
Vectorization: some processors are equipped with 128 bit or 256 bit registers. With
this architecture, one single register can load up to 4 complex floating-point
numbers and operate with them with a single instruction. Hence, instead of
operating number by number, this architecture can operate on chunks of 4 numbers
simultaneously at each clock cycle.
Graphics Processing Unit (GPU) computing: some GPUs are equipped with
thousands of cores. Although the speed of these cores is relatively low compared
with CPU, since there are thousands of them compared with few CPUs, they can be
used to launch multiple small tasks in parallel.
Correlation and Discrete Fourier Transform (DFT) duality: some of the tasks
involve the correlation of several signals, especially during the synchronization.
This can be optimized by applying the duality of correlation in time and
multiplication in the frequency domain.

Hardware driver

In order to communicate with hardware components, the hardware driver has to be programmed
to interface between the software and hardware. This driver configures the hardware device,
then allows to transmit and receive the samples to/from the device. Figure 4-6 illustrates the
stack of software modules integrated in this PoC. The communication between the computer
and the hardware device is performed via Ethernet interface.
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Figure 4-6: Stack visualization of software modules integrated in this PoC.

4.1.2 Hardware components
Hardware components are composed mainly by four parts: the motherboard, the daughterboard,
the antenna and clocks/Pulse-Per-Second (PPS) signals. Figure 4-7 describes the block diagram
of all components. The different components are described in the sequel.

Figure 4-7: Hardware block diagram. It is composed by the motherboard, which process
the signal at baseband level, the motherboard, which process the signal at RF level,
antennas and interface with GPPU.

4.1.2.1

Motherboard

This component is composed by upconversion/downconversion stages, ADC / Digital Analog
Converter (DAC) and an FPGA which drives all components. The latter component is the brain
of the hardware part and interfaces between the analog and digital domains. The motherboard
contains the following components:
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KINTEX7-325T FPGA: governs the flow of samples and controls all components.
Implements several modules and drives to interface between the subcomponents. It
also has some room to implement custom optimizations using FPGA available
hardware resources.
Two SFP+ ports at 10 Gigabit Ethernet: these ports interface between the device
and the GPPU in the host computer.
4 digitizers: 2 DAC and 2 ADC, added to 2 Digital Up-Converter (DUC) and 2
Digital Down-Converter (DDC).
EEPROM: stores different parameters such as IP addresses, serial numbers,
specifications and others.
RAM: temporary memory where data is stored before/after communication with the
GPPU in the host computer.
Timing and clock drivers: it distributes and controls the reference signals to power
the oscillators.

Figure 4-8 depicts the block diagram of the motherboard. Table 4-1 describes some
specifications of the motherboard.

Figure 4-8: Block diagram of the motherboard.

Table 4-1: Motherboard specifications.

DC input
Power consumption
Max. ADC sampling rate
ADC resolution
Max. DAC sampling rate
DAC resolution
Internal reference accuracy
Logic Cells
Internal memory
Multipliers
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Value
12
45
200
14
800
16
2.5
321000
16020
840

Unit
V
W
MS/s
Bits
MS/s
Bits
ppm
#
Kb
#
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Daughterboard

The daughterboard is in charge to modulate/demodulate the signal from/to baseband to/from
radio frequency. Depending on the configuration, there are several daughterboards available,
covering from DC to 6 GHz. For the present PoC, the SBX-120 daughterboard is used. It is an
intermediate stage between the motherboard and antennas.
SBX-120 is full-duplex and covers a frequency band from 400 MHz to 4.4 GHz with an
instantaneous bandwidth of 120 MHz. For the present PoC, the used frequency band is located
at the ISM band 915 MHz with an instantaneous bandwidth of 5 MHz. Table 4-2 resumes the
RF frontend performance.
Table 4-2: SBX-120 RF performance.

SSB/LO Suppression
Phase noise @ 3.5 GHz
Power output
IIP3
Noise Figure

4.1.2.3

Value
-35/50
1.0
10
0
8

Unit
dBc
deg RMS
dBm
dBm
dB

Antennas

Finally, to radiate the waveform at the radio frequency specific antennas are needed. To support
the ISM band 915 MHz, VERT900 antenna is employed. The VERT900 model is dualband and
covers the ranges 824-960 MHz and 1710-1990 MHz. Note that also this antenna is able to
resonance at two ranges simultaneously, there is a single RF chain per antenna. Therefore, only
a single carrier frequency is tunable at a time. Table 4-3 summarizes its performance.
Table 4-3: VERT900 antenna performance.

Orientation
Ranges
Gain
Directivity
Radiation directionality

4.1.2.4

Value
z-axis (vertical)
824-960 / 1710-1990
3
Omnidirection
Azimuthal

Unit
#
MHz
dBi
#
#

Clock/PPS timing signals

Clock reference signal is used to stabilize the local oscillators. Thus, this signal stabilizes the
oscillators and reduces its bias. Usually this clock is a 10 MHz reference signal. A PPS timing
signal is used as a time reference to align the samples in the motherboard. To support MIMO,
the samples of each transceiver chain have to be time aligned to maintain the coherence. PPS
signal allows to align the internal buffers.
In this PoC, an Octoclock-G is used to deploy the aforementioned signals. It is an integrated
timing source with 8-way distribution system of the 10 MHz clock reference signal and 1 PPS.
It amplifies and splits an external or internal reference and PPS signals. Additionally, the
Octoclock-G generates the signals from an internal GPS-disciplined oven-controlled oscillator
(GPSDO). The GPSDO serves as an accurate reference that can be synchronized to the GPS
timing standard.
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PoC intermediate version and results

This intermediate version of the PoC was shown in the 2nd Global 5G Event in Rome, 9-10th
November 2016. This section describes the setup and illustrates the results with pictures taken
in the place where the demo was publicly exposed. In this demo one USRP was configured as
eNB and the other two USRP as UEs. The GPPU were three laptops connected to each USRP.
Due to the lack of space, it was not possible to use the fourth USRP described in this PoC. All
three USRP were connected to the Octoclock-G and the interface with GPPU was performed by
1 Gigabit Ethernet.

4.2.1 PoC platform setup
All USRP were configured with the same parameters. The cell search stage was performed
using a single carrier frequency, offline configured. Thanks to the Octoclock-G and its signals,
no visible CFO appeared and the carrier frequency deviation was stabilized. Although CFO is
negligible in this setup, UEs have to synchronize in time at subframe level. It implies that UEs
have to use the synchronization signals provided by LTE standard to determine the TA. Once
this synchronization is established, UEs have to search the Master Information Block, which
carries information about the bandwidth and the number of antennas at eNB. All configuration
parameters were estimated by the UEs, except the carrier frequency and the sampling rate. Table
4-4 describes the main configuration parameters used for the demo.
Table 4-4: Main parameters used in the broadcast and multicast demo.

Frame Type
Prefix Type
Carrier frequency
Bandwidth
Sampling frequency rate
Number of subcarriers
Control Channel width
Coding Rate BC
Constellation BC
Coding Rate MC1
Constellation MC1
Coding Rate MC2
Constellation MC2

FDD
Normal
915 MHz
5 MHz
7.68 MS/s
300
3 symbols
0.3
QPSK
0.43
QPSK
0.43
QPSK

Figure 4-9 to Figure 4-11 are pictures taken from the demo where transmitter and receivers were
working in real time during the shot. It is important to remark that each receiver decodes the
common broadcast video (the same for both receivers) as well as the intended multicast video
(different for each receiver). In this demo, 5 MHz of bandwidth was shared by the three videos
simultaneously.
The obtained constellations reveal what the impact of the superposing streams. Although all
streams were conveyed using a QPSK constellation, the superposing introduces cross
interferences between the streams and the constellation contains more points compared with the
single case. Hence, the receiver has to cancel this interference and recover both streams.
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Figure 4-9: Transmitter conveying three videos over the air.

Figure 4-10: First UE receiving the radiated waveform and decoding the broadcast and
the first multicast streams.
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Figure 4-11: Second UE receiving the radiated waveform and decoding the broadcast and
the second multicast streams.

Figure 4-12 and Figure 4-13 depict the general view from eNB and UEs sides. GPPUs (laptops)
are connected to the USRP using the Ethernet interface. The Octoclock-G is placed in the centre
between eNB and UEs. It splits the 10 MHz clock reference and 1 PPS signals among all USRP.

Figure 4-12: General overview from the eNB side.
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Figure 4-13: General overview from the UEs side.

4.2.2 Planned work
During the final phase of the project the following tasks are planned:





In order to work in real-time (or near real-time), some optimizations are needed. On
the transmitter side, the transmission waveform has to be synthetized a priori. Thus,
it is unfeasible to reconfigure the waveform on-the-fly. For the final phase, the
support to the reconfigurability of some parameters will be increased.
On the receiver side, more improvements to stabilize the near real-time behaviour
have to be performed.
A benchmark and comparison to LTE standard will be also included.
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5 Conclusions
This deliverable presented the different PoC component implementations conducted in
FANTASTIC-5G, as well as the associated results and PoC intermediate version setup and
outcomes. The proposed implementations are grouped and presented in three main categories:
(1) Prototyping for post-OFDM waveforms, (2) Evaluation of waveform coexistence aspects,
and (3) Development of an SDR-based demonstration for broadcast and multicast transmission.
For each implemented PoC component, the document presented first the proposed architecture
together with implementation choices and original algorithm/architecture optimization
techniques. Furthermore, different relevant performance results were presented and discussed
with PoC intermediate version setup and initial results.
Several post-OFDM transceivers have been implemented and prototyped on real hardware
platforms. Flexible low-complexity hardware implementations have been proposed for UFOFDM, FC-OFDM, and FBMC/OQAM waveforms. In particular, original architecture has been
proposed for UF-OFDM which allows to reduce significantly the transmitter complexity.
Efficient low-complexity architecture is also proposed to implement the different configurable
modes of FC-OFDM in both uplink and downlink schemes. Furthermore, a novel short filter has
been proposed and implemented using FS implementation of the FBMC/OQAM to provide
better robustness against timing synchronization errors and multipath channel impairments. The
three implemented transceivers have been integrated into a PoC intermediate version for MMC
scenario. Impressive results in terms of robustness against synchronization errors, compared to
state-of-the-art CP-OFDM, are illustrated.
The challenging adaptation issue of MIMO diversity schemes to FBMC/OQAM waveform, due
to its inherent overlapping structure, has been addressed and an efficient implementation is
proposed. In particular, the original BF-OFDM (Block Filtered OFDM) waveform, that
combines CP-OFDM and filter bank as in FBMC and that supports MIMO and LTE signaling,
has been proposed and implemented. The flexible 2x2 MIMO FBMC-like transceiver developed
is based on software programmable hardware. The PoC intermediate version used a hardwarein-the-loop approach and illustrated the possibility to achieve high spectral efficiency and to
coexist with legacy OFDM-based transmission (LTE-M).
The implementation of the P-OFDM waveform for the asynchronous TA-free uplink low
latency transmission PoC has been realized using USRP nodes as radio frequency units and
Matlab as baseband unit, or optimized C on Intel x64 platform for real-time implementation.
Two scenarios have been developed: asynchronous transmission for MMC and high mobility
scenario for V2X. The goal is to demonstrate potentials of a flexible air interface design which
is capable of adapting itself to various scenarios by flexibly configure the pulse shape
coefficients. Promising results are illustrated with respect to CP-OFDM in terms of transmission
quality (out-of-band leakage, error rates) and end-to-end delay.
Additionally, towards fulfilling low latency transmission requirement of mission-critical
communication services, a parameterized-OFDM transceiver has been developed and
implemented on a DSP-based SDR platform. In the proposed implementation, the radio frame
structure is latency scalable and can achieve end-to-end latencies below 1 ms. It is based on a
modified version of the LTE physical layer through scaling of subcarrier spacing and scheduling
based on reduced transmission time intervals.
Regarding the evaluation of waveform coexistence aspects between waveforms in adjacent
bands, a specific PoC platform setup has been developed to demonstrate the coexistence aspects
for spectral efficient and robust multi-carrier techniques under realistic hardware impairments.
The PoC platform consists of a Matlab link-level chain connected to a DSP-based SDR
platform. The components of this PoC mainly comprise the implementation of different
waveform candidates, e.g. CP-OFDM, F-OFDM, UF-OFDM and FBMC/OQAM.
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Regarding the implementation of an SDR-based PoC for efficient and flexible support of joint
broadcast and multicast transmissions, a hardware/software environment based on USRP nodes
(for UEs and eNB) has been developed. All signal processing blocks (channel (de)coding,
constellation (de)mapping, resource (de)mapping, waveform synthesis/analysis, etc.) were
developed in software (C++) with appropriate optimizations to reduce the implementation
complexity and achieve near real-time transmission/reception. MIMO techniques and nonorthogonal transmissions were exploited to increase the throughput and improve coverage. In
contrast to the baseline, this PoC enabled to use the entire available bandwidth to transmit
several multimedia streams sharing the same frequency and time resources, and to use the
spatial dimension to design the coverage of each stream, distinguishing between broadcast and
multicast transmissions.
These PoC intermediate versions have been already presented in several dissemination events
such as EuCNC 2016, ETSI Workshop 2016, ISTC 2016, and 2nd Global 5G Event 2016.
Finally, it is worth noting that the current research activities of work-package 5 are targeting the
integration of these developed components in order to produce the final PoC of the identified
scenarios. Therefore, the final results in terms of performance measurements and analysis will
be completed and presented in the next deliverable D5.3 entitled “Integration of PoC
components into the final PoC platforms”.
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