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ABSTRACT As we target implementations of very high-end 3GPP 5 Generation New Radio (5G NR)
specifications and look towards the future, it becomes apparent that the stringent execution deadlines
in physical layer (PHY) procedures are hard to satisfy using traditional algorithms optimised for high
throughput. Hence, if the designer adheres to the same throughput efficient algorithm and simply scales
up the hardware (HW), the device effectively becomes overprovisioned, costing more than it would if the
designer opted for a latency efficient algorithm. However, latency efficient algorithms cost more operations
per transmitted data item, and therefore consume more power compared to throughput efficient algorithms.
Consequently, if the designer opts for latency efficient algorithms, the implementation would be power
inefficient for all but the latency-critical use cases. We identify the use-cases where these problems
occur in the channel estimation (CE) PHY procedure and propose a software (SW) implementation
that can dynamically switch between latency and throughput efficient algorithms and thereby avoid both
unnecessary HW overprovisioning and excess power consumption. In this article we demonstrate this with
an example implementation of CE for the 5G NR high-end and quantify the benefits of this approach.

INDEX TERMS 5G, 6G, channel estimation, interpolation, workloads, HW, SW, requirements, MPSoC
mapping, SIMD, VLIW, vector processor, DSP, implementation, latency, throughput, trade-off.

I. INTRODUCTION
HEN implementing physical layer algorithms the
designer starts with having to make a couple of deci-
sions, for which a set of questions can ease the decision
making process.

First, what kind of mathematical operations are used in
the targeted algorithm? It is essential to get the idea of what
kind of software (SW) and hardware (HW) support is needed
and if parallel processing or some form of a repeating pattern
in processing can be exploited.

Second question: in addition to no dependencies on adja-
cent data items, can the same operation be applied to

multiple data? If the answer is yes, which is true for many
physical layer algorithms including channel estimation (CE),
then the algorithm is suitable for specific type of fine-
grained parallel processing called vector processing. In SW
this means single instruction, multiple data (SIMD) style
parallel processing is possible, and in HW algorithm imple-
mentations the designers will have more freedom to exploit
parallelism in design of functional units and control of the
data processing pipeline that can simplify the design. If an
algorithm can be structured as a many iteration loop with
its data items independent between the loop iterations, then
such an algorithm is well suited for vector processing.
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The third question, after deciding if vector processing can
be used is: do you want to implement the algorithm in SW
or in HW? Technically, everything can be done in SW or
everything in HW, but there are some benefits and drawbacks
to both. SW is flexible, easy to maintain and update, and is
friendly to HW reuse by running different SW kernels' in a
time multiplexed fashion on the same processor. Other times
when we want to opt for a SW implementation is when we
expect the kernel functionality to change over time or when for
the same functionality there are changing conditions, e.g., CE
under different channel conditions. From another perspective
the processors on which this SW would run have a larger
footprint compared to a specific dedicated kernel HW, hence,
they are more expensive per unit and probably not as energy
efficient as the dedicated HW kernel for the specific task.
By implementing a kernel as a well optimised HW module,
the kernel could save power, cost per unit and potentially
have higher throughput relative to a processor. But, if you
end up needing to implement multiple algorithms for the
same functionality with many parameters as the case is in
CE, then the resulting HW would be large, configurable, and
resembling a processor in terms of layout, size and power
consumption, defeating the purpose of implementing them in
HW to begin with. Updating HW is much harder than updating
SW, so you may decide to avoid HW implementations when
the algorithm that should do the job is changing over time,
or the algorithm for the job is not fixed. CE is a big territory,
where most vendors keep secrets on how they do CE. There
are many algorithms suitable for CE [1], [2], [3], [4], [5], [6],
[7], [8]. These vary vastly in complexity and channel estimate
(H) quality for particular channel conditions. Interestingly, a
more compute intensive algorithm does not produce a better
quality H in all channel conditions [2], nor does a better
quality H facilitate good quality transmission in all channel
conditions [9]. Therefore, a good CE scheme uses a multitude
of algorithms, to deliver a high quality of service (QoS) to
the user. In addition, the new communication standard 3GPP
5th Generation New Radio (5G NR) requires a plethora of
dynamic SW defined transmission configurations [10, Sec. 7]
that strain the need for flexibility. With the above in mind, it
is highly beneficial to implement the CE vector processing
kernel in SW.

The fourth question, after deciding for a SW implementa-
tion: what resources are required to meet the throughput
and deadline’ requirements of targeted use cases? This
article tackles this question in depth. Section II defines
use cases and their processing requirements based on the
latest 5G NR specifications. From these we draw conclu-
sions about future industry trend, particularly on the binding
kernel deadlines and how traditional algorithms optimised

1. In computer science terminology: a self-contained code or operation
sequence that fully capture the functionality of an algorithm.

2. Simplified: throughout this article we abbreviate the term execution
deadline with deadline and when we say that the latency exceeds the dead-
line we are referring to the execution time being longer than that which
the deadline permits.
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for high throughput, although necessary in many cases, are
not optimal in high-end cases due to the risk of overprovi-
sioning. The core contribution of this article is identifying
such a case among processing steps within CE, as well as
dealing with the challenge of efficiently mapping such a
kernel onto a vector digital signal processor (vDSP) with a
very long instruction word (VLIW) and SIMD architecture.
For a further discussion on VLIW and SIMD vDSP engines
in mobile communications and multi-standard support we
would like to point the reader towards [11]. Alternatively,
the CE scheme can also be performed in SW on a graph-
ics processing unit (GPU), but in this article we show that
a single core vDSP is sufficient to get the CE job done
efficiently without losing determinism in scheduling and
memory accesses on the one hand, and a lower power con-
sumption and footprint compared to a standard GPU on
the other hand. Section IV introduces the processing stages
within CE along with MATLAB simulations and mathe-
matical formalism to support it. Section V covers the idea
of latency and throughput trading, algorithmic optimisations,
pseudo code, vectorisation and other implementation aspects
considered. Next, Section VI demonstrates the impact of
throughput and latency trading in SW, with supporting cycle
counts and latency measurements> of the implemented algo-
rithm variants. Last, in Section VII we validate the presented
numbers against theoretical bounds and show that the results
are indeed representative. The conclusion is in Section VIII.

Il. PROBLEM DEFINITION

As we are writing this article the development of modems
and 3GPP standard specification for 5G NR is in full swing.
The giants Huawei’s HiSilicon, Qualcomm and Samsung are
reporting 7.5 Gb/s [12], 7.5 Gb/s [13] and 7.3 Gb/s [14] as
downlink peak data rates, respectively. However with the data
rates ever increasing we see a new challenge. The contribu-
tions of this article are twofold: First, we believe that with
consistently growing data rates, a new creeping threat is going
to be latency, to an extent that the desired rate will be less of
a problem than stringent deadlines. Second, we provide the
reader with a methodology to overcome numerous challenges
when implementing these high-end cases on machines with
two levels of parallelism, namely a SIMD vDSP with a VLIW
architecture, such that the vDSP is fully utilised.

lll. LATENCY, THROUGHPUT, AND TRENDS IN 5G NR
As we show below (see Fig. 1) the state-of-the-art (SotA)
data rates are impressive and on track to reach the full
potential of active 5G NR specifications. In this section
we introduce to the reader active and planned standard
specification and how the constraints put on by the stan-
dard impact latency and throughput requirements of the CE
kernel, as well as force a fresh way of thinking into their
implementation.

3. The latency within a processing step is calculated by measuring the
number of cycles it takes data to propagate from the input of the kernel till

the last data item of the associated OFDM symbol is processed and then
dividing that number with the allocated clock frequency.
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FIGURE 1. Calculated Throughput and Deadlines of the Channel Estimation Kernel
Assuming 16-bit real + 16-bit imaginary Data Precision for all 3GPP Specified and
Under Study Use Cases per Carrier Component Bandwidth Configuration.

A. 3GPP SPECIFICATION: DATA RATES AND LATENCY
The active 3GPP 5G NR specifications cover two frequency
ranges: frequency range 1 (FR1) (0.41GHz—7.125 GHz) [15]
and frequency range 2 (FR2) (24.25 GHz — 52.6 GHz) [16].
5G NR in FR1 overlaps with 3GPP 4" Generation Long
Term Evolution (4G LTE) and other legacy standards. From
specifications [15], [16] the duration of 14 Orthogonal
Frequency Division Multiplexing (OFDM) symbols or trans-
mission time interval (TTI)* and therefore associated use
case deadlines of FR2 go down 16x, whilst the throughput
per carrier component>-%" per ms goes up 11x compared
to the high-end of 4G LTE. Additionally, as per conclusions
of the 86 3GPP radio access network technical specifica-
tion group meeting [17], 3GPP is studying a new frequency
range frequency range 3 (FR3) (52.6 GHz — 71 GHz) for
use in future 3GPP Release 17 (R17) of 5G NR. The ini-
tial report [18] of the mentioned study envisions even higher
throughput and shorter TTI and therefore shorter deadlines in
R17 FR3 compared to FR2 (24.25GHz—52.6 GHz). Hence,
the need to balance throughput and latency aligns with 3GPP
specification development on the way towards 6G.

From the TTI duration we can calculate the latency bud-
get. As stated in [19], [20] the deadline for digital baseband
physical layer is constrained by the hybrid automatic repeat

4. Simplified: in this article we use the term TTI to refer to a data packet
consisting of 14 OFDM symbols. In a more advanced understanding there
are exceptions to this rule and a TTI can be longer or shorter than 14
OFDM symbols with several data packets (in the sense of a transport block
code words) multiplexed within a TTL

5. 3GPP terminology for a communication channel identified by allocated
bandwidth (BW) and numerology, depending on the device class it can
support a different number of carrier components. Carrier components
consist of several resource blocks (RBs).

6. Numerology is a 3GPP term for OFDM symbol’s subcarrier frequency
spacing.

7. A resource block (RB) is a unit in 3GPP terminology representing a
grid section onto which quadrature amplitude modulation (QAM) symbols
are mapped; 1 data item of that grid is called a resource element (RE),
1 RB = 12 subcarriersx 14 OFDM symbols=168 RE, with some exceptions
to the rule.
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request (HARQ) media access control layer (MAC-L) pro-
cedure, which is 3 TTIs long. As a rule of thumb we assume
up to /3 of the 3 TTI budget to be associated with CE,
whilst the other 2/3 are reserved for other processing steps
(see Section IV-B), e.g., synchronisation, waveform demod-
ulation, decoding, etc.® Since we are interested to showcase
intricacies of implementing channel estimation the next step
is to determine the amount of data that needs to be pro-
cessed for the mentioned use cases under the TTI imposed
deadline. Per RB (see note’), the kernel needs to output
H° data items, for every RE, hence to get the processing
load per TTI we need to multiply the number of bits per
RE, number of REs per RB, number of RBs per carrier
component, and number of supported carrier components.
In Fig. 1 we show the calculated throughput and associ-
ated deadlines per carrier component with 16-bit real +
16-bit imaginary precision for REs. We can observe the
deadline halving by two with every row in Fig. 1, reaching
as low as 62.5 us in the FR2 corner. This contraction of
the deadline is due to the inverse relationship between the
duration of OFDM symbols and their subcarrier frequency
spacing, which increases by two with every row in Fig. 1.
Specifications allow two mechanisms for extending the total
number of carrier components: carrier aggregation (CA)
up to 4 x 400 MHz [21] and multiple-input, multiple-output
(MIMO) up to 8 spatial data layers'® [10]. Carrier aggrega-
tion utilises the excess available frequency spectrum, whilst
MIMO provides additional carrier components on a separate
link.

Reaching 6G we cannot rule out the simultaneous use of
both carrier aggregation and MIMO in high-end use cases,
therefore we include both in our further consideration. As
of writing this article the FR3 study item use cases are not
yet part of the active specifications, so in Fig. 1 we select
the highlighted high-end FR2 use case for demonstration of
an example use case where deadlines are endangered when
using the throughput efficient algorithm. This way the exam-
ined case is both standard compliant and foreshadowing of
the challenges to come in future 3GPP specification instal-
ments. In Table 1 we list other use cases for comparison
with the selected high-end FR2. These use cases are used to
illustrate the decline of excess unused (free) latency budget
of CE in Fig. 2.

8. No reference for this rule of thumb, the actual timing budget distribu-
tion is vendor specific and kept private. We use this value as a first order
approximation of the upper bound, so that we can be sure if the latency
problem exists for the bounded value, it will certainly exist for more con-
servative deadline estimates too. Hence, further use of deadline is referring
to this bound.

9. Important to note that H does not represent user data that has been
transferred via the communication system, but rather the change that the
pilots have undergone during communication with a goal of reverting the
change in the equalisation process.

10. Simplified: a link, not to be confused with massive MIMO which is a
method of generating a link via constructive and deconstructive interference
of radio waves from multiple antennas.
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TABLE 1. Compared use cases.

Use Case CA | MIMO |Throughput | Deadline
[CCs][layers]| [Gb/s] [s]
High-end LTE| 1 1 0.525 1000
Mid FR1 1 1 1.396 500
Mid FR2 4 1 10.83 125
High-end FR2| 4 8 336 62.5
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FIGURE 2. Latency Distribution in CE Assuming a 1 GHz Budget.

B. LATENCY BUDGET DISTRIBUTION IN CHANNEL
ESTIMATION

CE in 4G LTE and in 5G NR works by transmitting
predefined data items on predefined RE locations within
RBs, called reference signal (RS) in 3GPP terminology or
pilots in the broader communications community. These
predefined RE are coded with 2-bit quadrature phase shift
keying (QPSK) in 5G NR!! on the transmitter (Tx) side [10,
Sec. 7.4.1.5], but measured with a higher resolution, e.g.,
32-bit on the receiver (Rx) side, to precisely identify changes
that the pilots within RBs have been subject to whilst in the
channel between Tx and Rx. For non-pilot REs the H is gen-
erated from the observed changes to the pilot REs by a series
of interpolations or extrapolations [2], [3], [22], [23]. The
latency budget of one TTI duration is divided among several
processing steps and buffer wait times within the CE kernel.
For an example algorithm sequence (see Section IV-C) the
latency budget can be written as

Thudget = twait +tcm +tcr +1RR + Ifree- (D

Thudger 1S the total size of the latency budget in seconds
and it is fixed to the TTI duration for that use case. f,4ir
depends on the pilot layout and the interpolation algorithm,
e.g., the modem may have to wait for a couple of future pilots
carrying OFDM symbols of the RBs before processing the
current H. Depending on which interpolation algorithm the
designer wants to use, e.g., use more future pilots, this wait
time can increase. fpugger and t,,; represent the structural
latency of the system. tcy, tcr, tgg are the time spent on
CE steps channel measurement (CM), column reconstruction
(CR) and row reconstruction (RR). Time spent on processing
depends on the algorithms in these steps, as well as the

11. There can be between 4 and 24 pilots per RB.
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HW and the SW used to implement them. fcy, fcr, trr
represent the implementation latency. ff, is the leftover time
till deadline.

Assuming an allocated frequency budget of 1 GHz for the
vDSP CE procedure and an optimised implementation (see
Section VII) of the traditional high throughput algorithms
for CE, in Fig. 2 we show the latency budget distribution
among CE processing steps of Table 1 use cases.

From Fig. 2 we can observe two things: first, fs.. gets
smaller and eventually becomes negative in the high-end FR2
case; and second, the order of magnitude difference between
the pilot dependent #,,;; and the implementation specific
tcm, tcr, trr 1s decreasing as you move from 4G LTE
towards advanced 5G NR FR2 use cases. Negative ff.
means that the deadline is broken and cannot be achieved
for the given implementation without allocating more HW
resources, optimising the SW more or changing the algo-
rithms. As we note in Section VII the code is well optimised
reaching the asymptotic bound for the vDSP, so optimising
the SW further is off the table. Scaling up the HW can be
costly, so best avoid if possible. This leaves investigating
the algorithms as the preferred option. Further, the second
observation of the above Fig. 2, indicates that the struc-
tural wait time t,,;; due to pilot layout and OFDM symbol
duration does not dominate the budget of the high-end FR2,
rather row reconstruction, which depends on the implemen-
tation solely, is the biggest spender in the latency budget
and reducing it could save the budget deficit. Therefore, the
best spot to start the investigation is the algorithm of row
reconstruction processing step.

C. SPECIFICATION TRAJECTORY TOWARDS 6G

As we saw in Fig. 1 the specifications are evolving on a path
from low rate - high latency towards high rate - low latency
use cases. Rather than a revolutionary jump from 4G LTE
to 5G NR New Radio (NR), we see that the industry and its
specification body are taking incremental evolutionary steps
in terms of rate and latency. Based on the observation we can
predict a similar gradual change on the trajectory into 6G,
with new use cases for handsets appearing in the bottom right
high rate - low latency corner of the throughput-deadline
graphs.

Another intuitive way of viewing why the latency con-
straint of the channel estimation kernel is becoming stricter
as we move towards newer standards is considering the
change of the channel coherence time.!? With new frequency
ranges (see Section III-A) and operation in the upper
mmWave spectrum, the channel coherence time is becoming
ever shorter [24]. The channel measurement is valid for a
shorter interval compared to lower GHz operation of older
standards and therefore the measurement and its subsequent
processing steps within channel estimation have to be done

12. A period during which the channel instance can be considered highly
correlated. In practice this would mean that another channel measurement
is not needed in this period.
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faster, i.e., within a shorter deadline. Similarly, we can expect
throughput requirements to go up in parallel, higher subcar-
rier spacing and therefore shorter OFDM symbols on the one
hand and higher overall number of subcarriers per OFDM
symbol through spatial layers and carrier aggregation on the
other hand, increase the overall number of data items that
need to be processed in a given time period.

IV. CHANNEL ESTIMATION

This section describes the 5G NR CE in formal mathematical
language, followed by a MATLAB simulation. We use the
simulation to identify the suitable algorithm for implementa-
tion on the vDSP, based on the channel quality requirement
for the FR2 high-end use case and estimation error of the
candidate algorithms. Mathematical analysis complements
the simulation and helps us understand the origin of the
estimation error.

A. CHANNEL MODEL

We use measurement based channel models [25, Sec. 7.7]
for the 0.5 - 100 GHz frequency range and assume a separate
channel for every Tx - Rx antenna pair. Channel’s Doppler
spread per multipath component parameter is set to 10 Hz and
the delay spread of multipath components parameter is set to
300 ns, to reflect observations from [26, Fig. 3]. Namely, the
delay spread of multipath components in mmWave channels
is well observable, whilst Doppler spreading of individual
multipath components is rather small and clustered. In addi-
tion, the effects of thermal noise from the devices’ circuitry
and low power spurious spectral emissions are modelled as
an additive white Gaussian noise (AWGN) complex number
sequence w(n) with zero mean and variance av%. One such
channel is assumed constant in both time and frequency
over one RE of the 5G NR RB (due to scalable subcarrier
spacing and symbol samples’ duration of the 5G waveform).
Channels are considered time and frequency variant between
two different REs. Assuming all REs of all RBs in trans-
mission form a resource grid (RG) of size N x M REs, the
relationship between the Tx and Rx RG can be expressed in
matrix form via Hadamard-Schur product'3 and addition as:

Y=HooX+ W, 2)

where Y € CV*M g the Rx RG, X € CN*M s the Tx
RG, Hy € CN*M is the channel frequency response in the
RG form, and W € CV*M s the independent identically
distributed (i.i.d.) AWGN sequence w with zero mean and
variance av%. If we were to depict REs (data items) with
ke {l,2,..., N} representing the row, i.e., subcarrier index
and / € {1,2, ..., M} representing the column, i.e., OFDM
symbol index, (2) becomes:

Y(k,I) =Hok,[)- Xk, 1) + W(k, ). 3)

As mentioned in Section III-A for channel measurement
purposes the standard imbues the Tx RG of every antenna

13. Corresponding to MATLAB’s “.*” operation.
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port with a pseudo random reference signal on certain [
and k indices coded with QPSK. In 5G NR there can be
anywhere between 4 and 24 pilots per RB in a variety of
patterns [10, Tabs. 7.4.1.1.2-1/5]. The channel [25, Sec. 7.7]
model under high-end FR2 conditions exhibits moderate
time and frequency selectivity'* with a dominant line-of-
sight (LOS) cluster in the channel impulse response (hg),
which matches other observations from literature of mmWave
channels [24], [27], [28], [29], [30]. For our MATLAB simu-
lations we have selected a pattern'> that can perform well in
moderate selectivity, however in practice the pilot layout is
dynamically assigned by the base station based on a vendor
specific control algorithm. The dynamic allocation schedules
different pilot layouts among different antenna ports, limit-
ing interference and helping identify the Tx - Rx antenna
pairs on the Rx side. Within the RG we denote the row
pilot index with k, € {kp1,kp2,...,kyk} and the column
pilot index with [, € {ly1, 12, ..., ,.}. Boldface k;, and I,
are vectors of all row and column pilot indices, respectively.
ky, and I, as well as pilot values are taken to be known and
shared between the Tx and Rx devices. Additionally, like
in 4G LTE, pilot locations between consecutive columns /,;
and [y(iy1) can be configured to alternate between different
subsets of k, such that:

k, = Ukps, %)

where k, are all possible subsets of k, of size § < K.

The duration of ko is met with a cyclic guard interval
called cyclic prefix, which scales with kg regardless of many
different modes of operation in 5G NR devices. Furthermore
its duration in samples can be used as the upper bound of
sparsity when estimating hg [6], [7].

B. DOWNLINK RECEIVER

Figure 3 shows the digital baseband physical layer downlink
Rx system, made up of a series of intertwined processing
steps that can be divided into six blocks: synchronisa-
tion, waveform demodulation, channel equalisation, resource
demapping, decoding and the highlighted CE. As mentioned
in Section ITI-A the latency budget is constrained by the
HARQ procedure and leaves the CE with one TTI duration
deadline to work with.

C. ESTIMATION STEPS

CE of a channel described in Section IV-A can be performed
in multiple stages as shown in Fig. 4. The procedure is not
standardised by 3GPP, however the community [2], [3], [22],
[23] points towards an organisation in two parts: estimation at
pilot and non-pilot RG indices, whilst keeping the algorithms
within those two parts vendor specific. CE is done after
synchronisation and waveform demodulation, and conversion

14. Simplified: how fast do the channel values change across the time
and frequency axis.

15. Ilustrated in Fig. 7 bottom left, see [10, Tab. 7.4.1.1.2-4] for a list
of possible patterns.
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of OFDM symbols from time to the frequency domain via pilot locations as:
discrete Fourier transform (DFT), hence we are estimating Holko 1 H v g
Hj and not hy, see Fig. 3. €= 0( Ps» P) —Hp =V =6y ®)

Channel measurement is the first step of CE which com-
pares the values of the sent pseudo random pilot sequence
with the received values of the pilot sequence at pilot loca-
tions k, and I, of the RG. Observing the change in pilot
values between Tx and Rx gives us an indication of the
channel for the observed Tx - Rx antenna pair. There are
two main approaches to this stage: least squares or Linear
Minimum Mean Square Error'® [1]. The former is more
optimal in the computational sense, since it has a substan-
tially lower computational complexity and the output can be
further filtered in the next stage to improve quality in the
error reduction sense [23]. The least squares measurement
can be described as:

Hy, =Y (kp,. 1) 0 X (kp,. Ip) @ |X (kp, lp)|02’ ®)

where H,, € CS*L is the channel measurement, - is the
complex conjugate in the Hadamard-Schur sense, @ is the
Hadamard-Schur division, | - | is the complex modulus in
the Hadamard-Schur sense, and (-)°2 is the square in the
Hadamard-Schur sense. Evaluating (5) we get:

H,, = Ho(kp,.1,) + W(ky,,1,) @ X (k. 1,)
= HO(kps’ lp) +V, (6)

where V € C5*L is an i.i.d. complex AWGN sequence matrix

with zero mean and variance o2. o2 is defined as:

; )

where |p|? is the power per QPSK coded pilot tone. We can
also define the error matrix e for the channel estimate at

16. In literature Linear Minimum Mean Square Error can be also found
under Winner filtering.
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Next stage is optional and involves low pass filtering
of H,,, across rows and columns to reduce e,, formally
written as:

H,;=Fs-Hy -Fp, )]

where H,, r € CS*L is the 2D filtered H,,, and Fs € C5*S
and F; € CI*L are the filtering matrices. Selecting proper
filter coefficients of the noise suppressing filters is a key step,
since it will introduce a new error ey, s, which represents
the loss of information about the channel frequency response
(Hp), whilst reducing e,. We represent the error of H,, s
compared to the true Hy value as:

er = H()(kps, lp) —H,r=eqg, s+ ey, (10)

where ey, s and e, are the newly introduced information
loss error'’ and reduced AWGN error, respectively. These
two error components propagate and vary throughout the
rest of the CE stages. For the purpose of this work we do
not perform filtering, i.e., matrices Fg and Fr are identity
matrices, since the high-end use cases are scheduled by the
base station if the reported l/av2 is high, i.e., good channel
conditions and therefore e, is small and we can avoid intro-
ducing ep, r. With this stage done, we have completed the
estimation of the channel at pilot indices and can start the
estimation at non-pilot indices.

Symmetry reconstruction is an optional step, which has
the purpose to simplify following processing steps. If the
pilot layout is alternating between different subsets of k),
as per (4), then H,,s(ky, [,) for a fixed kg maps to sev-
eral subcarrier indices k depending on the OFDM symbol

17. Sometimes referred to as the channel model mismatch.
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FIGURE 4. Deconstructing Channel Estimation into Stages.

lp. This means that the processing down the line would
need to be [, specific, which can limit possible algorith-
mic and parallelism choices. Symmetry reconstruction avoids
this limiting inconvenience by interpolating additional ele-
ments into the H,,; matrix. In the newly created matrix
Hys, € CK*L every row maps to one and only one sub-
carrier index. Since the interpolation is column specific, the
resulting Hy,, s ; is formally expressed as a concatenation of
individually interpolated columns:

Hmf,l = [Hm,f,tl ) Hm,f,l‘zv D) Hm,f,tL]v

Hyfr, =T -Hyj, (11)

where T; € CK*S is the interpolation matrix for the I”* col-
umn of H,, s resulting in the " column of H, s Note
that vendor specific algorithms for this stage can be more
or less sophisticated and that the weights in the interpo-
lation matrix T; can also be a function of H, s values
surrounding the ”* column, e.g., up to [ —2 and [+ 1 as
is the case in [23]. For the vDSP implementation we have
selected a symmetric 5G NR pilot layout where k, = kp,
i.e., S = K and therefore the symmetrisation step is omit-
ted. In our MATLAB simulations of CE for the channel
in [25, Sec. 7.7] classic methods like linear interpolation
(linear) and spline piecewise cubic Hermite interpolation
(pchip) between neighbouring columns of H,, s show about
3x improvement in quality of the final H for non-symmetric
pilot patterns compared to not using this stage. When not
using this stage, T; is defined as a set of K x K identity
matrices.

Column reconstruction is a stage which interpolates
columns of Hy s, such that the size of columns after
interpolation matches the column size of the RG, i.e.,

K — N:
Hygic=C Hyy,s, (12)

where C € CV*K is the column interpolation matrix, and
Hyz:.€ CN*L is the result. The error at this stage can be
represented as:

em.f.tc = H()(Z, lp) - Hm,f,t,c = €Hy.f,y.c + €y f.tc (13)

where Ho(:,lp) represents all row entries of lp columns.
Here we note that Hy has an underlying structure that can
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FIGURE 5. Column Reconstruction Stage Algorithms: MSE Comparison for
[25, Sec. 7.7] TDL-C, 300 ns Delay Spread and 10 Hz Doppler Shift.

be exploited when choosing an interpolation algorithm for
this stage with the aim to generate a higher quality chan-
nel estimate. Namely, columns of H,, s, can be interpolated
with one of the Pursuit algorithms [31] or Fourier inter-
polation [1], due to the relation between Hg and hgo and
known bound of sparsity for the kg. In our MATLAB sim-
ulation we compared 4 interpolation methods: linear, pchip,
Fourier and Matching Pursuit, as shown in Fig. 5. In Fig. 5
the x-axis is 1 /zrv2 or Signal-to-Noise-Ratio (SNR) in dB
and the y-axis is the Mean Square Error (MSE) of (13). avz
is the noise variance of V from (7). In high SNR condi-
tions in which we expect the FR2 high-end to be scheduled
we see that linear outperforms other methods. Interestingly,
Fourier and Pursuit interpolations show good quality in low
SNR conditions, where their filtering properties reduce the
impact of e, .. However those same filtering properties
increase eg, f,y,. which dominates the high SNR conditions,
where filtering destroys part of the channel information. Due
to observations and use-case requirements we proceed with
linear implementation as the column reconstruction step.

The final step in H is the row reconstruction (RR), for
which we define the row interpolation matrix R € CL*M
and mathematically express the interpolation as:

IA{ - Hm,f,t,c,r = Hmf.tc 'R’ (14)

where Hy, f.;c.r € CN*M s the interpolated matrix and the

final channel estimate H matching the size of the RG. We
define the error as:

A

€ =¢€nftcr=— Hy—-H = €H,.f.y.c.r + €y f.tcr (15)

where ep; sy and e,f;., are the propagated errors
from (10). Based on the MATLAB simulation Fig. 6 shows
measured (15) as MSE on the y-axis and l/av2 as SNR in dB
on the x-axis. We can see a slightly higher (about 1.5x) over-
all MSE of linear and pchip interpolation in Fig. 6 compared
to their MSE in Fig. 5 due to an extra interpolation step,
where small changes of Hy between pilot carrying OFDM
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FIGURE 6. Row Reconstruction Stage Algorithms: MSE Comparison for
[25, Sec. 7.7] TDL-C, 300 ns Delay Spread and 10 Hz Doppler Shift.

symbols are not captured linked to the information loss error
eq, f.y,c,r- An interesting observation is also that linear and
pchip interpolation perform similarly over the whole SNR
range. This can be attributed to both methods being poly-
nomial in nature, i.e., of first and third degree, respectively.
In terms of quality linear slightly outperforms the compu-
tationally more complex pchip. We owe this fact due to a
properly sampled channel with a good pilot configuration
selected for the simulated channel on the one hand, and to
pchip having a higher degree interpolation polynomial than
the actual data would require on the other.

To sum up, for high-end use cases the algorithm choice
in each processing step is favourable in terms of computa-
tional complexity: filtering after channel measurement can
be omitted and linear is sufficient to get a good quality H in
both column reconstruction and row reconstruction steps. In
Fig. 7 we show a simplified processing graph with selected
algorithms of key steps and an illustration of how these pro-
cessing steps populate H of a single RB. You may notice
that there are no pilots at the edges of the RG and these
values have to be either extrapolated'® or interpolated with
pilots from the previous or future TTIs provided they exist.

If we follow the steps described in this section we will
surely estimate the channel, it is just a matter of how good
that estimate will be. The question “Where is the threshold
which says this much MSE is good enough for the system?”
has no easy answer and requires fine tuning based on channel
conditions and noise, quality of other kernels in the system,
modulation code rate schemes and acceptable codeword bit
error rates based on applications. Reference [9] examines
the impact of channel estimate MSE on the performance of
a simple system and from it we can take that in low SNR
MSE value is less important whilst in high SNR MSE value
is more important. Hence, if we would imagine a ‘“good
enough” line on the MSE vs SNR graph, it would be falling

18. We use linear extrapolation as an extension of linear interpolation.
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with rising SNR, but it’s gradient and offset would change
based on environmental and system parameters.

V. IMPLEMENTATION ASPECTS

A. LATENCY AND THROUGHPUT TRADING

Latency and throughput trading is a known and widely used
concept in computer science. In stream/data flow process-
ing [32] and computing in general context switching of
tasks/kernels has an overhead cost. Therefore waiting for a
quantity of data to reach a threshold (batch) before process-
ing that data is incentivised. This waiting period introduces
some latency to increase throughput. Even further back in
1959, IBM 7030 Stretch used pipelining for the first time
with a 4-stage pipeline, therefore trading some latency, logic,
and memory for 100x throughput gain [33]. More recently
however, with new applications and the end of Moore’s
law, the trend has been going the other way around, giv-
ing up some throughput for lower latency. This is not as
easy as just reverting the changes since the throughput
requirements have been increasing as well. Examples are
big data in finance [34], data queuing in data centres [35]
and packet routing on a network-on-chip [36]. The concept
is widely used and with this work we explore its application
to high-end CE.

B. ALGORITHM OPTIMISATION

Since the interest of this article is the RR step, let us
develop the throughput and latency efficient versions of
linear interpolation from the starting equation:

H (k. lpisr)) — H(k, )

Hk, 1) = H(k, L)) +
IpGir1y — lpi

: (l_ lpi)v
(16)

where il(k, lpi) is Hpgye of (12), row index k €
{1,2,...,N}, and column index [ € {l,; + 1,1 +
2,..., lpyr1 — 1}. We see that there are many operations
per data item, i.e., a division (div), 3x subtraction (sub), a
multiplication (mpy), an addition (add) and at least 2x fixed
point type cast (cast).

First, let us bind (16) to a local reference frame of a single
block between two known columns such that [,; = 0 is the
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time index of the left known column and /,;1+1) = Ry is the
time index of the right known column, where R, is the row
pilot spacing for that block. This removes two subs from
the second term of (16). Consequently, the column index
changes to [ € 1,2, ..., Ry, — 1. Next, we notice that Ry
is small in general, in our demo case R,; =9, so there are
not many data items to process along the time axis and we
could use a preloaded look-up table (LUT) and potentially
remove some operations from (16) and as a byproduct also
save some memory bandwidth. Division and multiplication
are commutative, so we can reorder the operations and get:

R X R X !
H(k, 1) = H(k,0) + <H(k, Rys) — Hk, 0)) e

ps
— H(k,0) + (il(k, Rys) — H(k, 0)) x(), (17)

where x is the LUT. This removes div and replaces it with
a LUT. This leaves us with a sub, a mpy, an add and a cast
per data item. Next step is to define (17) recursively as:

Hk, ) = Hk, 1 — 1)+ (ﬁ(k, Rys) — H(k, 0)) &), (18)

where x is a new LUT. Equations (17) and (18) have same
number of operations per data item, but (18) is a stepping
stone to the final equation. If we were to unwind (18) all
the way, we could express it as:

1
Bk D =k, 0)+ 2 (A(k Ry) = Ak, 0)) -0, (19)
i=1

which opens up the possibility to use the multiply-accumulate
(mac) operation efficiently. Even though it is also possible
to replace mpy and add of (17) with a mac operation, it
would require reloading/resetting of the accumulator (ACC)
register for every k and /, which does not reduce the overall
number of operations needed.

Equation (19) is an arithmetic progression with a com-
mon difference for a fixed k. This situation is ideal for mac
operations since the ACC register only needs to be set once
per k and due to the recursion all the other updates to the
ACC register happen via mac. It may seem that for every [
the sum has to be recalculated, but due to the recursion all
terms but the last, i.e., all but i = [ are already computed
in the previous / — 1 steps and that value is available in the
ACC. Notice that the subtraction H(k, R,s) — H(k, 0) needs
to be computed only once per k. In (19) we have a mac
and a cast for [ # 1 and an extra cast and sub when [ = 1
to preload the ACC register and a regular data register with
H(k,0) and H(k,R,s) — H(k,0), respectively. This means
that per data item (19) has 4 operations when / = 1 and 2
in other cases; compared to (17) which has 4 operations per
data item regardless of the indices. Further, because of the
common difference between neighbouring terms in the sum
and a fixed Ry, for the whole segment of the RG, the size
of x can be reduced to a single entry:
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The next question is do we process column-by-column!®

or row-by-row?°? To minimise latency a column-by-column
approach would be preferable since the channel estimate for
older OFDM symbols in the block would be available as
soon as their respective column is processed. The drawback
of using (19) is that the accumulation happens along the row,
so the accumulation value of individual rows needs to be
preserved until the very last element in the row is processed.
Column-by-column processing would require us to preserve
K number of ACC states.”! The usual register file holds just
a handful of ACC registers, making it highly impractical
for (19) to be processed column-by-column without driving
up the HW cost?? or lowering throughput,?® both of which
we are trying to avoid. Equation (17) does not have this limi-
tation, and can be processed column-by-column to minimise
latency. If latency is not an issue we can continue using (19)
to optimise the total operation count per data item, and if
latency is an issue we need to use (17) to meet the deadline
and avoid overprovisioning our devices.

We call (19) the high throughput variant, and (17) the low
latency variant. Equation (19) requires row-by-row process-
ing and therefore latency can be an issue despite its low
operation count per data item. Adversely, (17) has lower
latency due to its column-by-column processing even though
it has more operations per data item. When there is only one
column to process (17) and (19) have identical operational
complexity and latency. It is worth noting that the throughput
gain or latency reduction of one algorithm variant over the
other scales linearly with the number of columns to process
and number of data items per column. These two equations
showcase the throughput-latency trade-off that exists when
implementing linear interpolation.

C. PSEUDO CODE AND LATENCY SCALING

The high throughput pseudo code can be seen in Alg. 1. The
low latency pseudo code can be seen in Alg. 2. Algorithm 2
can be expanded with an additional parameterised loop
to scale and trade-off latency with memory accesses and
throughput on a fine scale by processing additional data
items along the time axis, as seen in Alg. 3. SW switch T
determines the number of extra data items processed along
the time axis and if set to non-zero value, the code block
would reduce the number of memory accesses’* and subs
T x, and increase the latency by the same factor. If fine tun-
ing is not needed or the least latency is required, the go-to
solution would remain Alg. 2, due to a lower loop control
overhead. We show measurements of Alg. 1 and Alg. 2 in
Section VI.

19. Loop over k is the nested loop, loop over [ is the outer loop.

20. Loop over [ is the nested loop, loop over k is the outer loop.

21. Up to a total of 8.4k ACC register states for FR2 high-end.

22. Via additional ACC registers or memory interfaces.

23. ACC register contents can be spilt to memory, but the processor
stalls induced by the congestion of the load/store unit and additional
cast operations needed would make the algorithmic gains on throughput
pointless.

24. Loads from memory in the particular case.
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Algorithm 1: RR Block High Throughput Variant (19)

input: Known columns H(:, 0), I:I( Rps) and LUT x
output: Interpolated block H (5 2)

// Data registers vi,vp

// ACC register wj

for k <~ Oto N —1 do

vy = sub(H(k, Rys),H(k, 0));

2
3 wy) = cast(ﬁ(k, 0));

4 for [ <~ 1 to Rps — 1 do
5 wi = mac(wiy, vy, X);
6 vy = cast(wy);

7 H(k, 1) = vy;

8 end

9 end

Algorithm 2: RR Block Low Latency Variant (17)

input: Known columns ﬁI(:, 0), ﬁ(:, Rps) and LUT x
output: Interpolated block H(:, :)

// Data registers vi,n

// ACC register wj

for [ <~ 1 to Rps — 1 do

1
2 for k < 0toN—1 do

3 vy = sub(I:I(k, Rps)sﬁl(kv 0));
4 w1 = mpy(v1, x());

5 vy = cast(wy);

6 vy = add(vy, H(k, 0));

7 Hk, 1) = v;

8 end

9 end

Algorithm 3: RR Block (17) Parameterised

input: Known columns ﬁI(:, 0), ﬁ(:, Rps) and LUT x
output: Interpolated block H ()

// Data registers vi,vy

// ACC register wj

1 for [ <~ 1to Rps — 1 do

2 for k <~ OtoN—1do

3 vy = sub(H(k, Rys)H(k, 0));
4 for t < O to T do

5 wi =mpy(vy, x(l+1));
6 vy = cast(wi);
7

8

9

vy = add(vz,lfl(k, 0));
Hk,[4+1) =vy;

end
10 end

11 1+=T;
12 end

D. IMPLEMENTATION PLATFORM

The implementation platform of choice is a programmable
512-bit SIMD style vDSP with a VLIW architecture,
designed using the ASIP Designer tool suite [37]. The tools
come equipped with a C-compiler and debugging/profiling
environment to provide accurate cycle measurements. The
vDSP is designed to support complex fixed point precision
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arithmetic with 16-complex-bit (16-bit real, 16-bit imagi-
nary) resolution per data item and 40-complex-bit ACC,
meaning the vDSP can operate on 16x 16-complex-bit data
items per issued instruction. On a general vDSP like the
one we used in our implementation, data types, i.e., reso-
Iution per data item, are configurable as well, however our
decision to use 16-complex-bit resolution is based on the
previous study [20] which concludes that 16-complex-bit
resolution is sufficient to satisfy the 3GPP error vector mag-
nitude requirements for transferred data in another physical
layer kernel. The device supports two levels of parallelism:
SIMD style data level parallelism for vector processing (VP)
and multiple VLIW issue slots that provide instruction level
parallelism. VLIW instruction parallelism enables perform-
ing several vector operations in parallel, using specific issue
slots to access memory and others to perform scalar or vec-
tor operations. Each VLIW issue slot has a specific set of
functional units associated with it, and effectively enables
completion of kernel processing in fewer cycles compared
to a device with a single issue slot. More on the VLIW
configuration in Section VIIL

E. VECTOR PROCESSING
As mentioned earlier, a vectorisable algorithm can be written
as a loop with the data processed per loop iteration being
independent of the data in other loop iterations. The RR
processing step operates on data structured in a matrix pat-
tern of REs with two axes (time and frequency), which is
favourable in terms of VP since it allows another loop to be
nested in the existing loop structure as we have seen in the
pseudo codes of Section V-C. The more loops the designer
has to work with the more flexible the implementation gets.
The biggest trick is to decide and pick the correct loop
to vectorise and in case the loops are mutually independent
which nesting order of loops to use. This will impact your
data reading and storing pattern and number of vector oper-
ations needed, which in turn has an effect on the latency
and throughput of the kernel, and to an extent power con-
sumption through number of vector operations and number
of memory accesses [19], [20]. In Section V-C we have
seen the effect of loop ordering on latency, throughput, and
memory accesses. SIMD style vectorisation exaggerates this
effect by working with bigger data batches per instruction.
In RR the two main options for vectorisation are vec-
torising along the time or the frequency axis. In Fig. 8 we
show the vectorisation options for the RR stage, with RE for
interpolation pattern shaded. Since the data is incoming per
OFDM symbol column-wise in any transmission, processing
a data vector across the time axis would require to wait for
several OFDM symbols before fully loading the vector for
processing. This makes the time axis unfavourable for long
vector machines since it would introduce excess latency that
is already critical. For example, a 16 data item vector, like the
one we use, would load data from two different TTIs, which
breaks the combined CE latency budget. Coarsely, a short
vector machine would not have these latency limitations as
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TABLE 2. Normalised processing load and delay.

Processing Load Delay
Impleme“tation [ cycles :| [ cycles ] I: cycles ]
RB-OFDM data vector RB-OFDM
Algorithm 1 (19) 1.52 1.9 1.52(Rp5 —-1)
Algorithm 2 (17) 2.04 2.55 2.04

long as the number of data items loaded per vector is smaller
than the R, spacing between known columns, giving it more
flexibility, at a cost of lower throughput per SIMD opera-
tion compared to long vector machines. This flexibility can
be used to potentially explore a different algorithm variant,
but since we are also constrained by the use-case through-
put requirement, we opt to use the long vector machine and
vectorise along the frequency axis.

VI. RESULTS
In this section we show the measurements of the imple-
mented high throughput and low latency algorithm variants.

A. CYCLE MEASUREMENTS
Table 1 holds the normalised processing load and delay in
cycles per 12 data points or RB OFDM symbol processed.”
We define processing load as the number of cycles needed to
process a set of data items. We define delay as the number
of cycles it takes a set of data items to pass through the
kernel. It follows that scaling these numbers with the amount
of RBs in a transmission gives us the number of cycles
needed and corresponding delay per OFDM symbol of the
particular use case. Scaling further with clock frequency
gives us their processing time and delay towards the total
size of the latency budget. For the purpose of measuring
implementation efficiency we also show the processing load
in cycles per 16 data points or vector length worth of data.
We see that Alg. 1 per OFDM symbol basis takes fewer
cycles to interpolate compared to Alg. 2, primarily due to one
less operation in the inner loop, however latency of Alg. 1
scales with the number of symbols to process. Alg. 2 is not so
cycle efficient, but its delay is fixed and smaller than that of

25. One column of a RB, i.e., 12 subcarriers x 1 OFDM symbol.
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TABLE 3. High throughput and low latency high-end FR2 vDSP implementation.

Algorithm 1 Algorithm 2
Use Case  |proc.load| delay |proc.load| delay
[cycles] |[cycles]| [cycles] |[cycles]
High-end FR2| 49.8k | 49.8k | 66.8k 8.4k
4
Algorithm 2
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FIGURE 9. CE Latency Distribution Assuming an Allocated 1 GHz for the FR2
High-End.

Alg. 1 as long as there are at least 2 columns to interpolate,
which is always the case as per active specifications.

When we take into the account the use case data loads,
we get the values shown in Table 3. Through implementing
a different variant of the same algorithm we have manged
to reduce the latency by a noteworthy 83%, irrespective of
the allocated frequency.

Finally, putting these numbers into perspective of the
whole CE kernel, as shown in Fig. 9, we can see that the tar-
geted FR2 high-end use case becomes possible also for the
FR2 high-end on the same machine configuration, without
the need for additional HW resources.

To summarise, there exists a trade-off between throughput
and latency, which can be used to the designer’s advantage.
It is favourable to process across the frequency axis as fast
as possible to reduce latency of CE for an individual OFDM
symbol, likewise it is favourable to process across the time
axis as fast as possible to increase throughput, when latency
is not critical.

With the end of Moore’s law, rising data rates and shorter
deadlines of 6G and beyond, we can expect that these
algorithmic optimisations become ever more impactful on
communication systems as a whole.

VII. VALIDATION

Often the question when optimising a piece of SW is when
is the code “good enough” and you should stop optimising
it. Sometimes, comparison with other implementations, e.g.,
implementations of channel estimation for FR2 high-end, are
impossible since these are developed within a closed setting
of R&D departments of private companies. Other times the
work is pioneering or is within a niche and hence there is a
literature gap. In all these cases a good measure of efficiency
is measuring how well is your processor utilised. For a given
vDSP, the SW implementation is well optimised if you are
close in cycle counts to one of the various bounds of the
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vDSP. For example, the vDSP has a memory bound defined
by the maximum number of memory accesses that it can
perform per cycle. An algorithm implementation is memory
bound if it fully utilises this memory access capacity of
the vDSP. Another vDSP bound would be the scheduling
bound for functional units on different VLIW issue slots.
This bound counts how many cycles you would need if you
could have a perfect schedule on the disassembly level and it
can be estimated by scheduling the assembly level code “by
hand” for a few loop iterations. There are other bounds too,
but they are practically hard to calculate, like the compiler
bound - which requires you to know your compiler in depth.
Assuming that the correct vectorisation axis and loop order
were selected and there is no further optimisation possible
on the algorithm level, one could consider calculating the
memory interface bound and/or the VLIW scheduling bound.

Our vDSP has a load unit and a load-store unit available
at different VLIW issue slots, meaning we can do a load +
store or load 4 load per cycle. The algorithms need 2 loads
and 1 store per output data item. If we were bounded by
the memory interface functional units only we would need
at least 3 cycles to process 2 output data vectors, i.e., we
could expect 1.5 cycles between two vector stores. Similarly,
if we were to try and schedule the algorithm on the appro-
priate VLIW slots by hand we would get around 1.8 cycles
between two vector stores, a number lower than the memory
bound due to the finite availability of computational func-
tional units. If we compare now these values with Table 2,
we can see that we are approaching 95% of the VLIW bound
for Alg. 1 code and 71% of the VLIW bound for Alg. 2,
which we deem sufficiently optimised.

VIIl. CONCLUSION

Both the SIMD parallelism and instruction-level parallelism
of a VLIW-style vDSP can be effectively utilised for CE.
As we have seen, there is usually some trade-off involved
when implementing an algorithm. If you optimise to have
the highest throughput, i.e., kernel complete in least amount
of processor clock ticks, it may turn out that this solution has
a large number of memory reads/writes or that it breaks the
associated kernel deadline, and if you want to reduce latency
you would possibly pay it with more operations. That said,
if done right, the vDSP is a powerful platform to provide the
required flexibility with high-performance implementations
of algorithms that allow data parallelism to be exploited.
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