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Abstract—In this paper, we analyze the performance of link-
level abstraction for orthogonal frequency-division multiplexing
(OFDM) and single-carrier (SC) modes in IEEE 802.11ay wireless
systems over the 60 GHz millimeter-wave band. In particular, we
evaluate the effectiveness of the three existing effective signal-to-
noise ratio (SNR) metric (ESM) schemes (i.e., exponential ESM
(EESM), mean mutual information per coded bit (MMIB) and
post-processing ESM (PPESM)). Furthermore, to deal with the
issue that EESM calibration is dominated by channel realizations
with poor error performance, we introduce a classification based
EESM (CEESM) scheme with a new metric named coefficient
of variation, which is used to measure the severity of frequency-
selective fading. Finally, we present several important insights
developed through extensive experimentation. Based on our
validation results, the MMIB and PPESM can be employed with
minimum computational complexity for OFDM and SC modes,
respectively. In contrast, EESM and CEESM can be considered
for both modes with better accuracy, but at a cost of high
implementation complexity.

Index Terms—Link-level abstraction, IEEE 802.11ay, Quasi-
Deterministic channel model, Millimeter-wave

I. INTRODUCTION

IEEE 802.11ay is an enhanced wireless local access net-
work (WLAN) standard that is capable of achieving high
throughput and high power efficiency based on its predecessor,
IEEE 802.11ad standard [1]. In IEEE 802.11ay, the wireless
transceiver operates in the 60 GHz millimeter-wave (mmWave)
band with the aid of directional antenna beams. During the
development of the 802.11ay standards, several algorithms and
solutions have been proposed to improve system performance.
Thus, how to evaluate the system performance with high
fidelity is critical. Particularly, the physical (PHY) layer is an
essential component in wireless systems and its performance
directly affects the overall system performance.

For an instantaneous channel realization, it is important to
predict the link-level performance, such as packet error rate
(PER) or packet success rate (PSR), for different PHY-layer
configurations (e.g., modulation and coding schemes (MCS),
and antenna configurations) so that whether a packet was
transmitted successfully or not can be determined. As it is not
feasible to run the time-consuming symbol-by-symbol link-
level simulation (LLS) simultaneously with the system-level
simulation (SLS), a PHY-layer abstraction model should be
used to predict the decoding results based on the multi-path
properties of fading channels. This motivates us to focus on
assessing the effectiveness of methods that can be used to
abstract the PHY-layer performance of IEEE 802.11ay over
the 60 GHz mmWave channel.

Existing research efforts have been conducted on link-to-
system (L2S) level mapping [2]-[8]. Most of these works [2]-
[5] have focused on the orthogonal frequency-division multi-
plexing (OFDM) systems, while a few other works [6], [7]
have emphasized single-carrier (SC) systems for the Long-
Term Evolution (LTE) uplink, which are all operated in
the sub-6 GHz spectrum. Recall that IEEE 802.11ay WLAN
operates in the 60 GHz mmWave band, which has unique
characteristics in comparison to sub-6 GHz channels, including
sparse signal paths raised by higher penetration loss, weaker
diffraction, and higher directional signals introduced by the
beamforming technology [9], among others. Thus, in this
paper, we address the following issues: (i) whether exist-
ing L2S mapping approaches are still suitable for mmWave
OFDM communications, (ii) whether existing L2S mapping
approaches can be applied to IEEE 802.11ay SC mode as
they have been used in orthogonal frequency-division multiple
access (OFDMA) and SC-FDMA systems, and (iii) unlike
previous work using PER, we consider bit error rate (BER),
which offers flexibility in media access control (MAC) layer to
derive PER if packets are partially overlapped in time domain
or frequency domain. To address the aforementioned issues, in
this paper we investigate and compare different L2S abstrac-
tion schemes for IEEE 802.11ay single-input single-output
(SISO) communication for both SC and OFDM modes as an
initial step of our project. Once we gain enough confidence in
single-link abstraction schemes, we will extend our work for
multiple-input and multiple-output (MIMO) systems.

In this paper, our primary contributions are as follows: (i)
We develop a LLS by incorporating the Quasi-Deterministic
(O-D) model extracted from mobile empirical measurements.
We conduct an IEEE 802.11ay LLS for both SC and OFDM
modes based on the Q-D channel model, which emulates a
lecture room (LR) environment. (ii) Based on LLS results, we
evaluate the effectiveness of the three existing effective signal-
to-noise ratio (SNR) metric (ESM) schemes, i.e., exponential
ESM (EESM) [5], mean mutual information per coded bit
(MMIB) [2] and post-processing ESM (PPESM) [7]. For
EESM, the LLS results are used to calibrate the parameters,
which are used to map subband signal-to-noise ratios (SNRs)
to the effective SNR. For MMIB and PPESM, the LLS is
used to validate the effectiveness of the SNR mapping, since
no calibration is required. Further, to deal with the issue that
EESM calibration is dominated by channel realizations with
poor BER performance, we introduce a classification based
EESM (CEESM) scheme with a new metric named coefficient



of variation (C'V'), which is used to measure the severity of
the frequency-selective fading. With CEESM, the prediction
accuracy of the BER performance for an instantaneous channel
realization can be improved. Further note that, to the best of
our knowledge, this is the first work which evaluates the ESM
schemes on 802.11ay systems based on Q-D channel model.
(iii)) We conduct extensive experiments in three environments
to validate the effectiveness of the aforementioned schemes.
The remainder of the paper is organized as follows. In
Section II, we introduce the system model and preliminaries
including the Q-D channel model, LLS and subband SNRs.
In Section III, we present several L2S mapping schemes for
OFDM and SC modes in detail. In Section IV, we present the
simulation results. Finally, we conclude the paper in Section V.

II. SYSTEM MODEL AND PRELIMINARIES
A. Q-D Channel Model

To model the channel, the two communication devices (i.e.,
transmitter (TX) and receiver (RX)) are randomly deployed in
a LR of size 10m x 19m x 3m. The phased-array-antenna
with 5-by-5 antenna elements is used at both TX and RX.
In our setup, we assume that the beam selection phase has
been completed, and the optimum beam direction has been
selected to achieve the maximum receive power. With a TX
and RX pair, we use the Q-D channel realization software
developed by the National Institute of Standards and Tech-
nology (NIST) to realize the channel [9]. The Q-D channel
realization software has two major engines, a deterministic
engine and a stochastic engine, to compute the rays between
TX and RX. The deterministic engine generates deterministic
rays, also referred to as specular rays using the ray-tracing
method. On the other hand, the stochastic engine regenerates
diffused rays, which are clustered around the specular rays
using the Q-D parameters extracted from NIST measurement
campaign [10]. In our realization, we only consider reflections
up to 2nd order and each of the rays is characterized by the
path gain, the delay 7, the angle-of-arrival (AOA) #' at the
RX, and the angle-of-departure (AOD) #” from the TX. The
generated Q-D rays are then analog beamformed by the TX
and RX antenna arrays to generate the multipath between TX
and RX. The detailed description about the Q-D channel model
can be found in [9]. Based on this model, the impulse response
of the beamformed channel is given as,

h(t) =D GT(O")GRO")h(t, 7,07, 07), (D)

T 0T 9R

where GT(67) and GT(6F) represent the transmit and receive
antenna beam patterns that weight each ray based on its
direction. By combining all the rays falling into a sampling
interval T, the channel is converted to a tap-delay profile,
where the Kth tap is given as,

KT
ht, K)y= > > 3 GTO)GR(0)h(t,T,0",0").

T=(K—-1)Ts 6T 6F
(2)
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Fig. 1: Transceiver diagrams of (a) OFDM mode and (b) SC mode

The channel impulse response h(t, k) = > - h(t, K)o (k—K)
at the time ¢ is subsequently used in LLS to obtain the fading
channel performance. Note that ¢ denotes the packet realization
time in our simulation, and a new channel realization is
generated for every packet to be transmitted.

B. Link-level Simulation (LLS)

The transceiver diagrams of the OFDM and SC modes are
shown in Fig. 1(a) and Fig. 1(b), respectively. In this work,
we assume that the perfect channel knowledge is available at
the RX. Also, the PHY-layer impairments (carrier frequency
offset, phase noise, etc.) are not included in the LLS. In the
evaluation, the symbol-by-symbol simulation is performed.
The packet size is considered as 4 096 bytes for both SC and
OFDM modes. Note that in our simulation, the performance
metric is the BER, which can be employed to compute the
PER based on the transmit PSDU packet size. The end-to-
end simulation is based on the 802.11ad implementation in
the MATLAB WLAN Toolbox' with the extension to include
802.11ay specific MCSs. Moreover, we assume that the fading
channel is semi-static and does not change within a packet
transmission duration.

With the LLS, we obtain the BER performance as a function
of SNR over additive white Gaussian noise (AWGN) channel
and multi-path fading channels derived from the Q-D channel
model for various MCSs. The AWGN performance can be
stored in a network simulator such as ns3 so that BER can
be directly retrieved based on mapped effective SNR. In the
meantime, these decoding results obtained using the Q-D chan-
nel model for the LR environment, along with its instantaneous
channel tap-delay profiles and the AWGN performance curve,
will be used to calibrate the mapping parameters in EESM.

In addition, we use these fading channel decoding results to
validate the effectiveness of SNR mapping by measuring the
difference between the SNR of the AWGN channel and the
mapped effective SNR given a channel realization for the same
BER value. Note that the L2S mapping is to find the AWGN
equivalent SNR (effective SNR) of the channel, and use the
effective SNR to obtain the channel decoding performance
(i.e., BER or PER) from the stored AWGN link performance

ICertain commercial equipment, instruments, or materials are identified in
this paper in order to specify the experimental procedure adequately. Such
identification is not intended to imply recommendation or endorsement by the
NIST, nor is it intended to imply that the materials or equipment identified
are necessarily the best available for the purpose.



curves. Also, note that the calibration and validation are MCS
and PHY mode dependent. The SC mode supports MCS 1 to
MCS 21, and the modulation schemes are 7/2-binary phase
shift keying (BPSK), 7/2-quadrature PSK (QPSK), 7/2-16-
quadrature amplitude modulation (QAM), and 7/2-64-QAM
for MCS 1 to MCS 6, MCS 7 to MCS 11, MCS 12 to MCS 16,
and MCS 17 to MCS 21, respectively. Moreover, the OFDM
mode supports BPSK, QPSK, 16-QAM, 64-QAM for MCS
indices 1 to 5, 6 to 10, 11 to 15, and 16 to 20, respectively.

C. Subband SNRs

The subband SNRs are used to compute the effective SNR
of a wide-band channel®. For this purpose, we first need to
compute the center frequency of each subband and then derive
the received subband SNRs in OFDM and SC Modes.

For a given wide-band channel of bandwidth B and its
center frequency f., the center frequency of the nth sub-
band can be obtained as, f., = f.+ nAf, where the
subband spacing A f considering the number of Ngr subbands

is computed as, Af = N%T‘ Here n = —round (%) +
1,--- ,floor (25), where floor(z) rounds the elements of

to the nearest integers towards —oo and round(x) rounds
towards the nearest decimal or integer. In OFDM mode, each
subband corresponds to a subcarrier with subcarrier spacing
A f = 5.156 25 MHz; while for SC mode, the entire bandwidth
B is divided into Ngr = 512 subbands with f.,, = f. +
(n—HAf,n = —(52 —1),--, 5 0 match the 512-
point frequency-domain equalizer (FDE) adopted at the RX.
The frequency-domain channel transfer function (CTF), which
is defined as the Fourier transform of the impulse response
h(t) at subband center frequency f..,, can be obtained as,
Hgr(fen) = lL;Ol h(t,1) exp(—j27 fe nlTs), where T is the
sampling period, ! is the tap index, and L is the number
of sampled multi-path. The received SNR for nth subband
corresponding to the transmission over a SISO beamformed
channel with power P can be derived by,

! |HBF(fc n)|2
= —————2—"— 3
& Ny 3)

Here, the AWGN power Ny is BET for SC mode, where
k = 1.3807 x 10723 J/K is Boltzman constant, 7" = 290 is
ambient temperature in degree Kelvin, and the bandwidth is
B = 2.16 GHz. For OFDM mode, Ny = N BsgkT', where the
subcarrier bandwidth Bsg = 5.156 25 MHz and N = Ngp +
Ngp denotes the total number of data and pilot subcarriers (i.e.,
N = 336 4 16 = 352) for a single 2.16 GHz channel.

ITI. LINK-TO-SYSTEM (L2S) MAPPING SCHEMES

In order to evaluate the system wide performance for a wire-
less network with numerous transmission links and interfer-
ence among multiple wireless nodes, the SLS requires the link-
level performance in terms of the channel condition (e.g.,
signal-to-noise ratio and channel state information subject to
multi-path fading) and system parameters, which provides the

2Note that a single contiguous 2.16 GHz channel with f. = 60.48 GHz is
considered in this study.

prediction of the instantaneous transmission qualities over
specific individual links. L2S can provide such prediction
without running through PHY-layer symbol-by-symbol sim-
ulation which can introduce very large simulation overhead.
Generally speaking, the L2S mapping is a class of methods
to perform the PHY-layer abstraction and provide the predic-
tion of error performance at a SNR in system-level. In the
following sub-sections, we first introduce the effective SNR
metric for the L2S mapping and subsequently present the
EESM, MMIB, PPESM and CEESM schemes in detail.

A. Effective SNR Metric (ESM)

ESM provides the PHY-abstraction metric for L2S mapping
which is an interface between the LLS and SLS [11]. Due to
multi-path, the channel experiences frequency selective fading,
meaning that channel frequency response is no longer flat and
each frequency subband may have different gain. According
to [12], for a given subband SNR vector of size N correspond-
ing to a fading channel, the scalar effective SNR is defined as
an equivalent SNR over AWGN channel, which would yield
the same frame/ packet error probability. Note that the error
performance curves over AWGN channel are MCS and PHY
mode (i.e. SC or OFDM) dependent. For a given PHY mode
and MCS, the mapping of the error performance between a
specific fading channel and AWGN channel is represented
by the AWGN equivalent SNR provided by EESM, MMIB,
and PPESM. Based on the mapping function, the SLS can
directly use the AWGN lookup tables to find the BER or PER
corresponding to the data transmission through the multi-path
fading channel.

Using a general L2S mapping technique with mapping
function ®(-), the effective SNR g can be calculated as,

N
Yot = — &t <]1VZ‘I’ (;’;)) )
n=1

where ®~1(-) is the inverse mapping function of ®(-), and 3;
and [, are the scalar parameters which need to be optimized
for different MCSs.

B. EESM

The EESM replaces the function ®(-) with the exponent
function assuming that all the subcarriers are modulated using
the same MCS. The mapping of EESM is given as,

N
Yerr = —f1n (;, > exp (—”g)) , 5)
n=1

where /1 = B3 = B and N = Ngp for OFDM mode.
Similarly, we extend the EESM for SC mode with N = Ngr
subbands. In contrast to Nsp = 336 data subcarriers in OFDM
mode, the above expression for SC mode considers all the
Ngst = 512 subbands as the transmitted SC signal covers the
entire bandwidth of 2.16 GHz. The tuning parameters Sorpm
and [sc in Table I for 802.11ay OFDM and SC modes are
calibrated based on the AWGN curves and the aggregated Q-
D fading channel results with 600 random channel realizations
and 161 SNR points for each realization. Note that this work



MCS | Optimal MSE MCS | Optimal | MSE
Index BorDM (dB) Index Bsc (dB)
1 1.60 -15.68 1 0.21 -46.98
2 1.34 -14.43 2 0.58 -42.44
3 1.29 -13.46 3 0.87 -33.37
4 1.42 -12.67 4 1.07 -33.18
5 1.25 -10.96 5 1.31 -28.86
6 1.47 -11.07 6 1.47 -26.38
7 1.75 -9.665 7 1.15 -25.52
8 1.63 -8.477 8 1.49 -23.27
9 1.82 -7.077 9 1.82 -18.86
10 1.81 -6.038 10 2.04 -16.98
11 3.89 -3.536 11 2.24 -13.76
12 4.93 -1.884 12 1.90 -9.030
13 5.37 -0.348 13 2.92 -4.449
14 5.64 1.804 14 3.96 -0.241
15 6.53 2.543 15 4.71 1.781
16 13.81 6.876 16 6.68 4.352
17 13.11 8.819 17 4.49 1.290
18 24.43 10.73 18 7.37 6.094
19 25.94 12.18 19 11.51 10.97
20 31.02 14.35 20 14.33 13.65
21 20.50 16.27

TABLE I: Optimal Sorpom and Ssc for OFDM and SC modes, re-
spectively, which minimizes the mean-squared error (MSE) between
AWGN SNR and predicted SNR vectors for same BER values.

combines all the channel realizations considered in CEESM
while optimizing the tuning parameter in EESM.

C. MMIB based ESM

The MMIB based ESM was introduced for OFDM mode
in IEEE 802.16m [2] and it was recently recommended in
the evaluation methodology of IEEE 802.11ay standardiza-
tion [13]. In MMIB, the function ®(-) maps each bit-channel
to a mutual-information (MI) value, i.e., the capacity of the
bit-channel [2]. The MMIB of the wide-band channel I,,
is then computed by averaging the MIs of all bit-channels
as, I, = %25:1 I,(yn), where N = Ngp for OFDM,
N = Ngr for SC, and m is the modulation order with value
m = {1,2,4,6} representing BPSK, QPSK, 16-QAM, and
64-QAM, respectively. The term I,,, (v, ) computes the MI per
bit for nth subband with modulation order m as a function
of nth subband SNR +,,. Then, the reverse mapping function
I1(1,,) is used to map the MI of the wide-band channel back
to its effective SNR as described in [2, Section 3.2.1.5]. Since
it is difficult to obtain the inverse function in a closed-form
during implementation, especially for higher order modula-
tions, we use a table-lookup method® to obtain the effective
SNR from averaged MI.

D. Post-Processing ESM (PPESM) for SC-FDE

When communicating over a frequency-selective fading
channel, both OFDM and SC modes employ FDE using
various algorithms, i.e., matched-filtering (MF), zero-forcing
(ZF), or the minimum MSE (MMSE), for post-processing
at the RX. Further note that the channel encoding/decoding
and symbol modulation/demodulation in OFDM mode are
processed in frequency-domain directly; while these processes

3To apply the inverse function, we read the lookup table, and locate the
closest SNR value for an input value of MI.

in SC mode are performed in time-domain. Thus, the OFDM
modulated symbol can be recovered directly after one-tap
equalization. However, in SC mode, the modulated symbols
within a time-domain transmit block interfere with each other,
which results in a residual interference among modulated
symbols within a SC block after FDE operation, namely the
inter-symbol-interference (ISI)*. Note that the residual ISI
limits the system performance unless interference cancellation
or decision-feedback equalization is introduced [14].
Considering the perfect CSI at the RX, the post-processing
SNR of SC-FDE can be expressed as [7], 7ysc IJFLN,
where the post-procgssing received signal power S =
P ﬁ Z’r]yiTl W:H”L
A s W

2
T = P55 SN WP = |5 S0, Wi H,|

, the post-processing noise power N' =

2, and the post-processing residual ISI power

Nsr n=1 n=1 - Note
that H,, and W, represent the frequency-domain channel
gain and corresponding FDE weight at the nth subband,
respectively. Since the SC mode in our study employs a classic
linear MMSE-FDE, its post-processing SNR can be derived as,

-1

1 N ~ -1 -1 1 Nst 1

n=1 n=1

where +,, is given by Eq. (3). Consequently, the Eq. (6) can
be expressed as the effective SNR ~.s in Eq. (4), having a
function of ®(y,) = (7, + 1)~1. We refer to this scheme as
PPESM for SC-FDE.

E. Channel Classification Based EESM

1) Classification of Channel Realizations: For 60 GHz
mmWave-channel model, the performance of the system varies
significantly between different TX and RX locations. Apart
from this, different realizations for fixed locations of TX and
RX also affect the performance drastically. If we use all the
channel realizations while optimizing the parameters for map-
ping schemes (e.g. EESM), the system performance is always
dominated by the worse channel realizations. Thus, the para-
meters optimized for various mapping schemes cannot be con-
sidered for realizations that experience frequency-flat fading.

To address this issue, we propose the channel classification
based mapping scheme, in which channel realizations are
grouped in different segments before obtaining the optimal
parameters for mapping schemes. It is important to note that
the random channel realizations can be easily divided into dif-
ferent segments using the metric such as ‘C'V”’. The CV value
using the N subcarrier channel gains, i.e., |Hpr(fen)|,1 <
n < N, for a given channel realization is computed as’,

_ std(|Hpe(fe,n)lsm=1,2,--- ,N)
CV = ’
mean(|Hgg(fen)|,n=1,2,-++ ,N)

)

“The MF and MMSE based FDEs introduce the residual ISI. The ZF FDE
completely eliminate the residual ISI, but the noise may be amplified when a
deep frequency-domain fade is encountered.

31t is important to note that we consider subcarrier channel gains in C'V to
avoid the dependency on the transmit power while characterizing the channel
realizations into different segments.
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Fig. 2: CTF of randomly generated channel realizations for (a) seg-
ment 1 when C'V' > -2 dB, and (b) segment 6 when C'V < -6 dB

where std(-) and mean(-) denote the standard deviation
and mean, respectively. For a channel realization with high
frequency-selective fading, the C'V' value would be very high
in comparison to the frequency-flat fading channel. This can
be clearly seen in Fig. 2, in which the channel realizations
are divided into six segments using five thresholds with 1 dB
spacing, i.e., (—2, —3, —4, —5, —6) dB. From Fig. 2(a), we can
observe that the segment 1 consists of all the channel realiza-
tions with C'V' > —1 dB and suffer from very high frequency-
selective fading. In contrast to this, each realization in segment
6 with C'V' < —6 dB experiences almost frequency-flat fading,
which can be clearly seen in Fig. 2(b).

2) Applying Classification to EESM: Using K thresholds,
we first divide the channel realizations into K + 1 segments
and then calibrate the EESM parameter (/3) using the channel
realizations belonging to a particular segment only. By doing
this, the prediction error can be significantly reduced, partic-
ularly when the channel experiences frequency-flat fading.

In order to map subband SNRs to the effective SNR of
the channel, we first categorize the channel to a segment®
based on the CV value as shown in Fig. 3. We then use the
segment and MCS specific mapping function (i.e. specific 3
value) to perform the effective SNR mapping in EESM. The
EESM parameters’ corresponding to six segments for OFDM
and SC modes are presented in Table II, respectively. It can
be observed in Tables I and II that the optimal 5 values for
EESM are approximately identical to the ones obtained for
segment 1 in CEESM. This is owing to the fact that the
system performance is always dominated by the worse channel
realizations in EESM. Further, it is worth noting that the
optimal (3 values for segment 6 are different than segment 1.

IV. PERFORMANCE EVALUATION

This section presents simulation results to validate the per-
formance of various mapping methods over 60 GHz mmWave

6This work divide all the channel realizations into six segments using five
thresholds and compute six EESM parameters for each MCS.

"To obtain these parameters, we considered 100 random channel realiza-
tions in each segment and simulated 161 SNR points for each random channel
realization, having receive power ranging from -120 dBm to -80 dBm with
a spacing of 0.25 dBm and a MCS dependent SNR offset. In SC mode, we
consider SNR offsets of (0,5,10,15) dBm for MCS indices 1 to 6, 7 to
11, 12 to 16, and 17 to 21, respectively. In OFDM mode, we consider SNR
offsets of (0,5,10,15) dBm for MCS indices 1 to 5, 6 to 10, 11 to 15, and
16 to 20, respectively.

Thresholds Vst
Y1 Y2 t€{DT}

|H,|?
|H, |2 e} BER vs SNR
8 Choose one AWGN BER
'—:“ segment | —>
ookup
= out of K+1
] tables
|Hge |2 Optimal B corresponding
te{D,T} to the selected
=y ;
Sub-carrier Gains segment for a given MCS MCS index

Fig. 3: Schematic Block Diagram for CEESM

TGay channel model [15] developed by the NIST and MAT-
LAB. We configure the MATLAB TGay channel model to
have an access point (AP) with a 2-by-2 TX antenna array at
a height of 6m in an open area hotspot (OAH) environment,
and an AP TX at 6 m in height with a 4-by-4 antenna array
for a large hotel lobby (LHL) environment. In both OAH
and LHL environments, the station (STA) has a RX height of
1.5 m. Since the antenna array sizes are not specified in [15],
we configure the OAH and LHL environments using different
antenna array sizes in order to simulate diverse beam patterns.

For simulation purposes, various system parameters are
considered as follows. For both SC and OFDM modes, long
guard interval length, i.e., 192 for OFDM and 128 for SC,
is considered to reduce the interference between concatenated
SC or OFDM transmission blocks®, namely inter-block inter-
ference (IBI), especially for the scenario where the channel
experiences large path delay. The PSDU packet length is set as
4096 bytes, i.e, the number of bits transmitted within a packet
(L) 1s 32768. It is worth noting that to implement the L2S
mapping in SLS, the PER (F,.) can be easily obtained from
BER (P.) a8 Ppe = 1—(1—Pye) ™ for any arbitrary packet
size. Thus, in contrast to using PER-based lookup tables, the
BER-based lookup tables can be used for any arbitrary packet
size to decide its PSR. All the mapping schemes are validated
over a total of 1000 random channel realizations. For each
packet transmission, the transmit signal power is randomly
selected so that the receive signal power is among a range
with a step size’, plus a MCS-dependent offset®.

From Fig. 4, it can be clearly seen that the predicted BER
values obtained using the optimal 3, (c.f. Table II) in CEESM
effective SNR match well with the actual BER for low as
well as high MCSs in both OFDM and SC modes. It can also
be observed in Fig. 4 that the optimal mapping parameters
obtained through the NIST LR environment are also applicable
to various MATLAB TGay-channel environments, including
LHL and OAH. Using EESM and CEESM, the MSE between
the AWGN SNR and predicted SNR vectors for the same BER
values under various environments are given in Table III. It can
be clearly seen that the CEESM performs well in comparison
to the EESM.

Comparing to EESM and CEESM, MMIB and PPESM

8We describe an OFDM symbol as an OFDM block in order to apply the
same term to both OFDM and SC modes.

9The receive signal power range is given by: (i) EESM/CEESM: —120 dBm
to —95dBm with a step size of 0.5 dBm, and (ii) MMIB/PPESM: —120 dBm
to —90dBm with a step size of 0.05dBm.



Mode | MCSIndex | Bi | MSE | B2 | MSE | Bs

[ MSE [ B1 | MSE | PBs | MSE | fBs | MSE

1 1.63 | -15.68 | 1.38 | -16.77 | 1.68 | -17.69 | 1.54 | -17.69 | 2.09 | -17.69 | 3.97 | -18.86

OFDM 1.40 | -10.86 | 1.35 | -12.84 | 1.44 | -13.01 | 1.81 | -13.27 | 1.62 | -14.09 | 4.98 | -16.77
11 478 | 2716 | 425 | -3.269 | 392 | -4948 | 437 | -5436 | 3.26 | -6.882 | 1.29 | -10.75

16 133 | 7.740 | 143 | 6.194 | 165 | 5.109 | 144 | 3386 | 135 | 3.244 | 9.63 | 0.633

2 0.83 | -34.94 | 0.73 | -35.85 | 0.72 | -32.29 | 0.58 | -30.22 | 0.51 | -28.86 | 0.12 | -34.55

SC 7 1.23 | -23.09 | 1.24 | -2481 | 1.25 | -2420 | 1.24 | -2443 | 1.16 | -24.09 | 0.49 | -27.69
12 251 | -3.565 | 2.56 | -5.482 | 2.21 | -7.772 | 2.34 | -8.601 | 2.31 | -10.60 | 0.87 | -19.58

17 450 | 4242 | 455 | 2624 | 465 | 1903 | 555 | 0277 | 5.62 | -3.251 | 537 | -8.794

TABLE II: Optimal Sorpwm,k, Bsc,e = Bk, 1 < k < 6 corresponding to six segments for 802.11ay OFDM and SC modes
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Fig. 4: Classification based EESM validation considering various
MCSs (BPSK, QPSK, 16-QAM, 64-QAM all in 1/2 code rate) with
various 60 GHz mmWave multi-path fading channel models

are generic and do not require any calibration. Figs. 5(a)
and 5(b) show the BER/SNR validation results of MMIB
scheme for OFDM and SC modes in various mmWave channel
environments, i. e. NIST TGay LR, Matlab TGay LHL, and
OAH. In Fig. 5(a), the predicted BER samples of OFDM
mode using MMIB over channel realizations of all three
environments closely match to the BER obtained through LLS
over AWGN channel. As we observe that a few outliers exist
for higher MCSs, the OFDM packet transmission over Matlab
TGay LHL channel occasionally result in a high error rate
despite of high SNR, as shown in Fig. 5(a). These few outliers
in turn results in the high MSE values in Table IV'?. The

10The MSE values 18.89 dB and 26.53 dB for MMIB OFDM MCS 11
and MCS 16 are obtained when the IBI is considered with the presence of
corresponding channel realizations. Otherwise, the MSE values —6.19 dB and
1.02dB are calculated with the absence of these realizations causing IBI.

MCS CEESM OFDM EESM OFDM

Index LR OAH LH LR OAH | LHLL
1 -31.35 | -24.82 | -32.12 | -29.16 | -23.05 | -30.31
6 -24.01 | -22.18 | -25.95 | -22.79 | -21.99 | -24.90
11 -6.97 -6.09 -9.68 -5.65 -4.89 -7.10
16 1.32 9.85 -2.79 2.39 11.30 -1.50

MCS CEESM SC EESM SC

Index LR OAH LHL LR OAH LHL
2 -21.10 | -23.20 | -20.19 | -17.64 | -19.93 | -17.91
7 -19.72 | -24.51 | -20.36 | -18.47 | -22.54 | -19.43
12 -7.34 -4.81 -10.25 -5.72 -2.64 -7.89
17 1.13 5.15 0.48 2.80 6.56 0.72

TABLE III: MSE values (in dB) of CEESM and EESM schemes
for OFDM/ SC modes under various TGay environments

reason is that LHL is a reflection-rich environment. When
a 2-by-2 antenna array is employed with wider half-power
beam width (HPBW) in LHL environment, compared to a 4-
by-4 antenna array in LR environment, some paths with strong
power could have large delays, which makes the guard interval
not sufficient to handle IBI for both OFDM and SC modes.
In contrast to OFDM mode, the BER predicted using MMIB
for SC mode does not match well with the LLS results for all
three TGay channels when high order MCSs are employed, as
shown in Fig. 5(b). The reason is that apart from the above-
mentioned LHL environment issue, the SC mode is subject
to the post-processing residual ISI at the RX with MMSE-
FDE even when the path delays are within the guard interval
length, which is not taken into account while computing the
effective SNR in MMIB. Therefore, the residual ISI increases
(or decreases) when the signal power increases (or decreases).

Fig. 5(c) demonstrates the BER/SNR validation comparison
of PPESM for SC mode transmission in LR, OAH and
LHL environments. It can be observed that the PPESM BER
samples are closer to the AWGN curves when comparing
with the MMIB results in Fig. 5(b), especially for LHL
environment. This is owing to the fact that the PPESM is aware
of the residual IST while computing the effective SNR through
post-processing SNR (c.f. (6)). However, some gap still exist
between the predicted BER using PPESM and the BER from
LLS for high order MCS, since the high order modulation
schemes are more sensitive to the residual ISI, which in turn
generates the distortion. Further note that this distortion is hard
to remove unless employing a more advanced equalizer with
a cost of higher complexity.

V. FINAL REMARKS

In this paper, we have addressed the L2S level mapping
for OFDM and SC modes in IEEE 802.11ay WLAN systems
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Fig. 5: MMIB and PPESM validation considering various MCSs
(BPSK, QPSK, 16-QAM, 64-QAM all in 1/2 code rate)

over the 60 GHz mmWave band using the Q-D channel model
generated based on real measurements. We have studied the
performance of the three existing ESM schemes (i.e., EESM,
MMIB, PPESM) which were originally proposed for OFDMA
and SC-FDMA systems and on sub-6 GHz bands. We have
also designed the CEESM scheme by incorporating a metric
to measure the severity of frequency-selective fading. To
validate the feasibility of these schemes, we have conducted
extensive simulations. Our experimental results confirm that
EESM and CEESM achieve the highest accuracy but with
the initial calibration cost. We compare the performance for
three environments (LR, OAH and LHL), and confirm that

MCS MMIB OFDM

Index [ LR | OAH LHL

I 2434 | 2449 3034

6 | -24.15 | 2527 2838

11 660 | -8.54 | 18.89 (-6.19)

16 | -172 | 321 | 2653 (1.02)
MCS MMIB SC PPESM SC
Index [ LR | OAH | LHL LR | OAH | LHL
2 | -18.79 | -19.52 | -18.76 | -18.63 | -19.94 | -18.04
7 | 2020 | 2146 | -19.78 | -19.81 | 21.32 | -20.69
12 941 | 3.11 | 1888 | -1.02 | 272 | -5.82
17 | 2448 | 2141 | 1625 | 2125 | 1000 | 1.81

TABLE IV: MSE values (in dB)° of MMIB for OFDM/ SC modes
and PPESM for SC Mode in various TGay environments

the mapping parameters calibrated using one environment can
be applied to other environments, so that the mapping metric
is more MCS and mode dependent rather than environment
dependent. We also confirm that MMIB and PPESM, having
very low implementation cost, provide reasonable performance
for OFDM mode and SC mode, respectively. With the initial
effort completed for the single link systems, we are currently
working to extend this research to evaluate MIMO systems.
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