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This paper provides practical 60 GHz link budget estimation results with IEEE 802.11ad standard-defined parameters and 60 GHz
specific attenuation factors. In addition, the parameters from currently developing modular antenna arrays (MAAs) are adopted
for estimating the actual link budgets of our 60 GHz integrated MAA platforms. Based on the practical link budget analysis results,
we can estimate fundamental limits in terms of achievable data rates over 60 GHz millimeter-wave wireless links.

1. Introduction

Among the various requirements for next-generation wireless
systems (for both cellular and access), achieving multigiga-
bit/s data rates is one of key requirements, and millimeter-
wave (mmWave) wireless technologies have been mainly con-
sidered to achieve this goal where the considering mmWave
frequencies are 28 GHz [1],38 GHz (or 39 GHz) [2, 3], 60 GHz
[4], and 73 GHz [5] bands. The use of mmWave bands for
next-generation wireless systems could offer ultra-wideband
spectrum availability and increased channel capacity. All
these benefits come at the expense of potentially greater sys-
tem complexity particularly in terms of radio frequency (RF)
front end and antenna design, but the recent advancements
around mmWave wireless systems development have pro-
duced cost effective solutions that can be leveraged to over-
come these challenges. Among the potential candidates in
mmWave bands for future wireless systems, 60 GHz fre-
quency is considered here because it is only one mmWave
band which has its own standardized protocol, that is, the
Wireless Gigabit Alliance (WiGig) standard which is equiv-
alent to IEEE 802.11ad.

In this paper, practical link budget estimation is per-
formed based on WiGig/IEEE 802.1lad standard-defined
modulation and coding scheme (MCS) modes and 60 GHz
mmWave specific path-loss and auxiliary attenuation factors.

The considered systems parameters for this link budget
estimation are obtained from real-world hardware proto-
type which is now actively conducting research for next-
generation mmWave mesh backhaul networks in industry.
The remainder of this paper is organized as follows:
Section 2 introduces our real-world prototype for 60 GHz
mmWave backhaul networks. Section 3 presents the details
of link budget estimation procedure. Section 4 shows link
budget estimation results and Section 5 concludes this paper.

2. 60 GHz Integrated MAA Platform

Traditional antenna system architectures are generally not
capable of combining wide-angles with high directionality. To
achieve the necessary wide directionality, the phased antenna
arrays should consist of a large number of antenna elements.
Nowadays, the phased antenna array architectures are widely
used for mass production and intended for personal mobile
devices comprising a single module containing RF integrated
circuits (RFIC) chip that includes controlled analogue phase
shifters capable of providing several phase shifting levels. The
antenna elements are connected to the RFIC via feeding lines.
According to the loss on the feeding lines, this approach
allows implementing antenna arrays with limited dimensions
of up to 8-by-8, thus achieving gains of about 15-20 dB.
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FIGURE 1: High level block diagram of the proposed modular antenna array (MAA) architecture.

One of novel antenna array architectures for the 60 GHz
band that provides simultaneous flexibility in form factor
choice, beam steering, and high array gain in a conceivably
more cost-efficient manner is to construct modular antenna
arrays (MAAs). As shown in Figure 1, the MAA architecture
consists of baseband part and RF part. The baseband part is
embedded in a computing platform. The data from the
computing platform will be delivered to the baseband. The
baseband part has baseband processing (which is for data
processing and also for sending the data to RFIC) and beam-
forming unit (which is for forming beams toward one dedi-
cated direction and also for setting phase shifting values for
the RF beamformers in connected MA A modules). The phase
shifting values for the RF beamformers in MAA modules
are transmitted through interconnection control paths from
baseband beamforming unit to MAA modules. Each module
is implemented in a traditional way with dedicated RFIC
serving 16 (i.e., 8-by-2) MAA elements through an RF beam-
former. The RFIC receives data from baseband processing
unit and sends the information to its own RF beamformer in
order to transmit over 60 GHz mmWave wireless channels.

The aperture of MAA and total transmitted power may
exceed that of an individual MAA module proportionally to
the number of the MAA modules used. Therefore, much
narrower beams may be created and, thus, much greater
antenna gains may be achieved with the MAA as opposed
to individual subarrays. It is also possible that sectors of
different subarrays may be configured in such a way as to vary
the coverage angle of the composite array, thereby creating
several coverage angles. Each MAA module has an 8-by-2
elements where the transmit power and the transmit antenna
again are determined as 10dBm and 15dBi. In Figure 2,

currently developing integrated 8-module MAA prototype is
presented.

More various usage scenarios and details of the proposed
MAA architectures are presented in [6].

3. Link Budget Estimation

The link budget estimation procedure is illustrated in Fig-
ure 3. As shown in Figure 3, the transmitted signal from a
transmitter MAA (Tx-MAA) toward a receiver MAA (Rx-
MAA) over 60 GHz mmWave channels will be attenuated
by path-loss, oxygen absorption, and rain effects depending
on the distance between the Tx-MAA and the Rx-MAA.
When the signal arrives at the Rx-MAA after experiencing
attenuation effects, a receiver antenna gain will be added on
top of the received signal strength. This procedure can be
formulated as follows:

Py (d) = EIRPg, — PL(d) —O(d) - R(d) + Gy (1)

where ng‘m(d) is a received signal strength at an Rx-MAA,
EIRPg4g,, is equivalent isotropically radiated power (EIRP),
the limit in USA is 43 dBm (peak) [7-9], PL(d) is path-loss
depending on the separation distance between a Tx-MAA
and an Rx-MAA d, O(d) is oxygen attenuation depending on
the separation distance, R(d) is rain attenuation depending
on the separation distance, and GLy, is a receive antenna gain
at an Rx-MAA, respectively.

In WiGig/IEEE 802.11ad [10], supportable MCS indices
and their corresponding data rates depending on receiver
sensitivity values are defined in Tables 21-3. The given
Tables 21-3 in WiGig/IEEE 802.11ad can be reproduced as
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TaBLE 1: WiGig/IEEE 802.1lad MCS Index Table (regenerated from Table 21-3 in WiGig/IEEE 802.11ad [10]), assuming that (i) 5dB
implementation loss, (ii) 10 dB noise factor (Noise Figure), and (iii) packet error rate (PER) shall be less than 1% when the payload length is

SC-based MCS
(Mandatory SC)

Full MCS

(Including optional OFDM)

MCS0 (ipcs = 1)
MCSI iy = 2)
MCS2 (ipges = 3)
MCS3 (ipss = 4)
MCS4 (iycs = 5)
MCS6 (iycs = 6)
MCS7 (ipses = 7)
MCSS8 (ipycs = 8)

MCS9 (ipcs = 9)

MCS0 (ipes = 1)
MCS! iy = 2)
MCS?2 (ipges = 3)
MCS3 (iycs = 4)
MCS4 (iycs = 5)
MCS6 (iycs = 6)
MCS?7 (ipges = 7)
MCSS8 (ipycs = 8)

MCS9 (iycs = 9)

— MCSIS8 (iycs = 10)

—57dBm MCS27 (1112), MCS28 (1251), MCS29 (1668), MCS30 (2224), MCS31 (2503) — —

4000 bytes.

Receiver MCS index
Sensitivity (Achievable rates, unit: Mbps)
-78dBm MCS0 (27.5)

-68 dBm MCSI (385)

—66 dBm MCS2 (770), MCS13 (693)
—65dBm MCS3 (962.5)

—64 dBm MCS4 (1155), MCS14 (866.25), MCS25 (626)
-63dBm MCS6 (1540), MCS15 (1386)
-62dBm MCS5 (1251.25), MCS7 (1925), MCS16 (1732.5)
—61dBm MCSS (2310)
—60dBm MCS17 (2079), MCS26 (834)
—-59dBm MCS9 (2502.5)

—58 dBm MCSI18 (2772)

—56 dBm MCSI19 (3465)
—55dBm MCSI0 (3080)
-54dBm MCSI1 (3850), MCS20 (4158)
-53dBm MCSI2 (4620), MCS21 (4504.5)
-51dBm MCS22 (5197.5)
—49dBm MCS23 (6237)
—47dBm MCS24 (6756.75)

— MCS19 (iycs = 11)

MCSI0 (ipges = 10) —

MCSII (i = 11) MCS20 (iycs = 12)

MCSI2 (iyses = 12) MCSI2 (iycs = 13)
— MCS22 (iyses = 14)
— MCS23 (iycs = 15)
— MCS24 (iyscs = 16)

RF
hardware

FIGURE 2: Integrated 60 GHz mmWave MAA architectures and
snapshots.

Table 1 by reordering MCS values in terms of receiver
sensitivity values. Moreover, if multiple MCS values are sup-
portable in a specific receiver sensitivity value, the MCS value
which can provide the highest achievable rate will be obvi-
ously used. Note that the reproduced Table 1 includes MCS
Table Index values denoted as iyg. In addition, single
carrier (SC) based MCS features are mandatory (from MCS0
to MCS12) and orthogonal frequency division multiplexing
(OFDM) based MCS features (from MCSI3 to MCS24) and
low-power SC-based MCS features (from MCS25 to MCS31)
are optional in WiGig/IEEE 802.11ad [10].

If the calculated received signal strength at an Rx-MAA
by (1) is higher than the receiver sensitivity of an MCS Table
Index iy;cg and lower than the receiver sensitivity of MCS
Table Index iy;cg + 1, the 60 GHz WiGig/IEEE 802.11ad wire-
less communication link should use MCS Table Index iy;g.
Therefore, if the distance of the wireless communication link

is getting longer, Pix (d) becomes lower due to attenuation
factors (i.e., path-loss, oxygen, and rain) as shown in Figure 3;
then the index of supportable MCS becomes lower as well.
This lower MCS introduces more robust modulation and cod-
ing schemes; however, it also introduces lower physical data
rates. This calculation procedure is summarized in Algo-
rithm 1. In addition, the following sections include the
detailed calculation procedures of EIRP (refer to Section 3.1),
path-loss (refer to Section 3.2), mmWave specific attenuation
(refer to Section 3.3), and receiver antenna gain (refer to
Section 3.4).

3.1 EIRP. In (1), EIRP4p,, can be calculated as follows:
EIRPdBm = G?{El + Pgé(m’ (2)

where G3x and Pjy  are a transmit antenna gain and a trans-
mit power at a Tx-MAA. In 1I-module Tx-MAA (Tx-MAAI),
Gin, and Pjy  are 15dBi and 10 dBm. In addition, Gy, in
8-module MAA (Tx-MAAS) and Pjy  in Tx-MAAS are
24 dBi and 19 dBm, respectively.

3.2. 60 GHz mmWave Path-Loss Models. Two different 60

GHz path-loss models are considered in this link budget esti-

mation study: (i) LoS scenario and (ii) street canyon scenario.
The 60 GHz LoS path-loss is [11, 12]

PL (d) = 92.44 + 20log,, (f) + 10nlog,, (d) (3)
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FIGURE 3: Link budget calculation procedure.

Parameter Definition

Algorithm Description
(i) a1

if P* < P[" then

b)a—1
end
if P* > P then
MCS

b)a 1
end
if a # 1 then

(@) iyes < 2

while iy < iS5 do
if P* <P then
MCS
(1) k —iyes— 1

end
() ipcs < ives +1
end
end

(i) iprcs: MCS Table Index in Table I;

(ii) iy;o: maximum MCS Table Index, i.e.,
ives < 12 if SC-based MCS is used and
ives < 16 if Full MCS is used;

(iii) P : Receiver sensitivity of iycs;

(iv) M™: Supportable MCS;

(v) R”: Supportable data rate;

(ii) Received signal strength calculation with (1) and d: P*

(a) P"istoolow,ie., M* <« N/A and R* = 0 Gbps

(a) P” is good enough for maximum MCS and rates, i.e.,
M" « 12 and R* « 4.62 Gbps in SC-based MCS; and
M" « 24 and R* « 6.75675 Gbps in Full MCS

(2) M" is the MCS where iy;cg < k
(3) R is the rates of MCS level M~

ArLcorITHM 1: Link budget estimation when the distance between Tx-MAA and Rx-MAA is d m.

and the 60 GHz street canyon (illustrated in Figure 4) path-
loss is as follows [11]:

PL(d) = 82.02 + 10nlog,, (di) > (4)
0

where d is a distance between Tx-MAA and Rx-MAA (unit:
meter); f is a carrier frequency in a GHz scale; nis a path-loss
coefhicient, where

2.00, in an LoS scenario [11,12],
n= (5)
2.36, in a street canyon scenario [11].
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TABLE 2: Rain rates (unit: mm/h, i.e., millimeter per hour) and their
corresponding attenuation factors (unit: dB/Km, i.e., decibel per
kilometer) at 60 GHz depending on rain climatic zones (especially
for ITU Regions D, P, and Q) [14].

. 99.0% 99.9%
ITU region
availability availability
ITU Region D 21mm/h 8 mm/h
(Northern CA, OR,
WA) (1.2 dB/Km) (3.5 dB/Km)
IT.U Region P [heavy 12mm/h 65 mm/h
rain areas]
(Brazil and so on) (5dB/Km) (21dB/Km)
ITU Region Q [heavy 24mm/h 72 mm/h
rain areas|
f)l\f)lddle Africa and so (9 dB/Km) (25 dB/Km)
.
‘ h > ~

Street AN

canyon ! ’

access

FIGURE 4: Illustration of street canyon access [11].

3.3. mmWave Specific Attenuation Factors. As explained in
[12], attenuation by atmospheric gases (i.e., oxygen attenu-
ation) and by rain must be considered in millimeter-wave
propagation.

The oxygen attenuation O(d) is observed as 16 dB/Km
[13]: thatis, O(d) = 16-d /1000, where d is a distance between
Tx-MAA and Rx-MAA in a meter scale.

The rain attenuation factors depend on the rain climatic
zones that are segmented and measured by the International
Telecommunication Union (ITU) [14]. Table 1 in [14] presents
rain rates depending on the segmented areas (from ITU
Region A to ITU Region Q). In this paper, ITU Region D
(Northern California (CA), Oregon (OR), and Washington
(WA)), ITU Region P (heavy rain areas such as Brazil), and
ITU Region Q (heavy rain areas such as Middle Africa) are of
interest. Table 2 presents the rain rates of ITU regions D, P,
and Q (unit: mm/h) and their corresponding rate attenua-
tion factors (unit: dB/Km) based on [15] and Figure 5.

3.4. Receiver Antenna Gain. The receiver antenna gain Gggi is

equal to G in Section 3.1 because equivalent MAA antenna
systems are used for both Tx-MAA and Rx-MAA. Therefore,

100

S thasomm/he

0.2 4

Specific attenuation, yp (dB/km)

0.1
0.05 1

0.02 A

0.01 T T
1 2 5

10 20 50 100 200 500 1000
Frequency (GHz)

FIGURE 5: Rain attenuation factor estimation from FCC measure-
ment results [15].

Gngi values are 15 dBi and 24 dBiin Rx-MAAland Rx-MAAS,
respectively.

4. Link Budget Estimation Results

The link budget estimation performs with three different
network scenarios as illustrated in Figure 6, that is, (i)
peer-to-peer (P2P) links where each peer has MAAL (i.e.,
MAAI1-MAALllink); (ii) AP-to-DEV (device) links where each
AP and each DEV have MAA8 and MAAI1 (i.e., MAAS-
MAALI link); and (iii) backhaul links where each backhaul
base station (BS) has MAAS (i.e., MAA8-MAAS link). Note
that the scenario of AP-to-DEV links is equivalent with the
scenario of cellular links where a BS has MAA8 and a mobile
user has MAAL

4.1. Link Budget Estimation. With the given three scenarios,
link budget estimation performs depending on two different
path-loss models, different ITU regional segments (no rain
case, ITU Region D, ITU Region P, and ITU Region Q),
and different availability probabilities in each regional seg-
ments (99.0% or 99.9%). After performing all possible
combinations of link budget estimation, various achievable
distances depending on various target data rates (1Gbps,
2 Gbps, 3 Gbps, and 4 Gbps for mandatory SC-based MCS;
and 1Gbps, 2 Gbps, 3 Gbps, 4 Gbps, 5 Gbps, and 6 Gbps for
full MCS) are calculated as presented in Table 3. From Table 3,
some remarkable facts are as follows:

(i) In an MAAI-MAAL link, 1 Gbps rates are achievable
up to maximum 56.80 m (in LoS scenario and no rain)
and minimum 36.84m (in a street canyon scenario
and ITU Region Q with 999% availability).
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FIGURE 7: Link budget estimation for backhaul link (MAA8-MAAS, as illustrated in Figure 6(c)) with various path-loss models and rain rates.

(ii) In an MAA8-MAAL link, 1Gbps rates are achievable
up to maximum 292.37 m (in LoS scenario and no
rain) and minimum 140.76 m (in a street canyon
scenario and ITU Region Q with 999% availability).

(iii) In an MAA8-MAAS8 backhaul link, 1 Gbps rates are
achievable up to maximum 530.97 m (in LoS scenario
and no rain) and minimum 233.62m (in a street
canyon scenario and ITU Region Q with 999% avail-
ability).

4.2. Performance Reduction due to Various Rain Attenuation
Factors. Table 4 presents the performance degradation ratio
due to various rain attenuation factors. The data in Table 4
can be calculated as follows:

y= —5n‘:§rain L 100,
where 8, ., stands for the achievable distance (from
Table 3) when there is no rain and 8* stands for the achievable

(6)

no-rain

distance (from Table 3) for specific thresholds, regions, and
availability probabilities. By calculating y (presented in
Table 4), we can determine how much rain attenuation affects
the achievable distance reduction.

As shown in Table 4, the performance degradation is
mainly observed in LoS scenario and the ITU Region Q
with 99.9% availability. The most significant performance
degradation can be observed in the MAA8-MAAS8 link when
its target rate is 1Gbps in an LoS scenario and the ITU
Region Q with 99.9% availability, that is, about 40.36%.

4.3. Case Study for Backhaul Link Budget Estimation in Heavy
Rain Areas (ITU Region Q). The presented 60 GHz MAA
platform is originally designed for wireless backhaul net-
works, that is, MAA8-MAAS link. Therefore, the link budget
estimation for MAA8-MA A8 link is performed and plotted as
shown in Figure 7. If service providers want to deploy these
MAA boxes for constructing ad hoc mesh backhaul net-
works with the threshold of 1 Gbps, the following distances
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should be maintained: that is, 530.97 m (no rains), 420.70 m
(ITU Region Q with 99.0% availability), and 316.68 m (ITU
Region Q with 99.9% availability).

5. Conclusions and Future Work

This paper presents practical link budget estimation results
with IEEE 802.11ad standard-defined parameters and 60 GHz
mmWave specific attenuation factors. In addition, the used
system parameters are obtained from the real-world pro-
totypewhich is currently developing for 60 GHz wireless
backhaul networking. Based on the link budget estimation
results, achievable distances between a transmitter and a
receiver are determined depending on various thresholds of
data rates in various regions, availability probabilities, and
path-loss models.

For future research direction, the link budget estimation
withthe other mmWave frequencies can be considerable for
next-generation cellular and access systems.

Additional Points

More details about path-loss and radio propagation mea-
surements are presented in [11]. The presented MAA radio
platform in Section 2 and Figure 2 is the real-world prototype
developed by Intel Corporation and was demonstrated at
Mobile World Congress (MWC), 2015.
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