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Abstract— This paper compares performance of the singlefrequency floating-intercept (FI) model, the single-frequency
close-in (CI) model, the multi-frequency alpha-beta-gamma
(ABG) model, and the multi-frequency close-in frequencydependant (CIF) model at 30 GHz, 140 GHz, and 300 GHz.
For comparison purposes, extensive propagation measurements
at 30 GHz (26.5–40 GHz), D-band (110–170 GHz), and 300
GHz (300–316 GHz) are conducted in the indoor line-of-sight
(LoS) environments. The results show that if no measurement
error is present in the channel impulse response, all four models
have very similar performance and the model with the smallest
number of parameters would be the optimal choice. Furthermore,
results show that multi-frequency models have higher stability
than single-frequency models. Finally, the results show that in
the presence of measurement errors or lack of detailed antenna
gain characterization, models without physical anchor (i.e. FI
and ABG models) outperform models with physical anchor and
correctly predict the reason for path loss mismatch between
model and theoretical values.

I. I NTRODUCTION
Millimeter-wave (mm-wave) frequency bands (30–300
GHz) provide abundant unlicensed spectrum and are promising
to deliver multi-gigabit-per-second data rates for the development of the fifth generation (5G) wireless communication
systems [1], [2]. 28 GHz and 38 GHz (26.5–40 GHz) are
potential frequency bands for 5G cellular systems due to
negligible atmospheric absorption and can be used for both
mobility and backhaul between small cells [3]. Furthermore,
D-band (110–170 GHz) spectrum is ideally suited for shortand medium-range communications and has potential applications in precision positioning, velocity sensors, and passive
millimeter-wave cameras [4]. Finally, 300 GHz frequency band
offers an unregulated bandwidth of 47 GHz and can enable
novel applications such as picocell cellular links and on-body
communication for health monitoring systems [5]–[8].
It is necessary to have good knowledge of the propagation
channel characteristics across all mm-wave frequencies in
order to determine the suitable carrier frequency bands and
to conduct accurate and reliable 5G system design [9]. Largescale path loss models are important for modeling communication systems over distance and frequency [10]. Path loss
models can be categorized into two types, one that has a physical anchor that captures the path loss near the transmitter, e.g.
the close-in (CI) model and the CI model with a frequencydependent term (CIF) [2]. Another type is without the physical
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anchor and purely based on mathematical curve or surface
fitting with the measurement data, e.g. the floating-intercept
(FI, alpha-beta, or the 3rd Generation Partnership Project
3GPP) model and the alpha-beta-gamma (ABG) model. When
comparing and selecting path loss models, repeatability, stability, number of parameters, whether physics-based or not, can
it handle measurement errors, etc. should all be considered.
The goal of this paper is to compare performance of four
path-loss models (i.e., the single-frequency FI model, the
single-frequency CI model, the multi-frequency ABG model,
and the multi-frequency CIF model) across mm-wave frequency range. To achieve that, extensive propagation measurements at 30 GHz (26.5–40 GHz), D-band (110–170 GHz),
and 300 GHz (300–316 GHz) are conducted in the indoor
line-of-sight (LoS) environments. The measured data is used
to compare the single-frequency FI, the single-frequency CI,
the multi-frequency ABG, and the multi-frequency CIF model.
The results show that if no measurement error is present in the
channel impulse response, all four models have very similar
performance and the model with the smallest number of
parameters would be the optimal choice. Furthermore, results
show that multi-frequency models perform better than singlefrequency models. Finally, our results show that in the presence of measurement errors or lack of detailed antenna gain
characterization, models without physical anchor (i.e. FI and
ABG models) outperform models with physical anchor and
correctly predict the reason for path loss mismatch between
model and theoretical values.
The remainder of the paper is organized as follows. Section II describes the measurement equipment, antennas used
in the measurements, and the measurement sites. Section III
reviews path loss models used in this paper. Section IV
compares path loss models across mm-wave frequency bands.
Finally, Section V provides some concluding remarks.
II. P ROPAGATION M EASUREMENT S ETUPS
This section describes measurement setups and measurement scenarios for 30 GHz (26.5–40 GHz), 140 GHz (110–
170 GHz), and 300 GHz (300–316 GHz) indoor path loss
measurements used to devise path loss models.
A. Measurement Setup for 30 GHz Measurements
The Agilent N5224 PNA vector network analyzer (VNA) is
used to provide an input signal from 26.5 to 40 GHz with full
available bandwidth of 13.5 GHz, and to record the frequencydependent scattering parameters S21 . A test signal with a

power of 0 dBm is used, providing an approximate dynamic
range of 80 dB for the chosen intermediate frequency filter
bandwidth of ∆fIF = 100 kHz. The number of frequency
sweep points is set to 801. For ease of reference, these
parameters are summarized in the third column of the Table I.
Two identical horn antennas with 55◦ theoretical half-power
beamwidth (HPBW) and 10-dBi gain are used as the Tx
and Rx . In order to mitigate reflections from the ground and
the metallic antenna stands, the Tx and Rx are elevated and
aligned at the edges of two separate tables and are covered
with absorbers as shown in Fig. 1 (a). The LoS path loss has
been recorded as the antenna separation d is varied from 20 to
180 cm in 5 cm increments by moving the Tx while keeping
the Rx fixed, giving 33 different distances in total.
TABLE I
M EASUREMENT PARAMETERS
Parameters
Symbol
Frequency sweep points
N
Intermediate frequency bandwidth f IF

30 GHz
801
100 kHz

140 GHz
801
100 Hz

300 GHz
801
20 kHz

Average noise floor

PN

-82 dBm

-85 dBm

-100 dBm

Input signal power

Pin

0 dBm

0 dBm

-10 dBm

Start frequency

f start

26.5 GHz

110 GHz

300 GHz

Stop frequency

f stop

40 GHz

170 GHz

316 GHz

13.5 GHz 60 GHz
33.25 GHz 140 GHz

16 GHz
308 GHz

Bandwidth
Reference frequency

B
f0

B. Measurement Setup for 140 GHz Measurements
The Agilent E8361C vector network analyzer is used to
provide an input signal from 11 GHz to 17 GHz. Then the
N5260A (mm-Wave Controller) and OML V06VNA2 (mmWave Test Head modules) are used to extend the range to
the D-band (110-170 GHz). The N5260A mm-wave controller
provides radio frequency (RF) and local oscillator (LO) signals
to the mm-wave test head modules and returns the downconverted reference and test IF signals to the VNA for process
and display. The OML V06VNA2 frequency extension module
has an LO multiplication factor of 10, which up-converts the
input LO frequency from 11 to 17 GHz, supplied by the
mm-wave controller, to the D-band (110 to 170 GHz). The

(a)

Fig. 1.
GHz.

(b)

(c)

LoS measurement setups at (a) 30 GHz, (b) 140 GHz, and (c) 300

antenna used in the measurement is a pyramidal horn with
gain that varies from 22 to 23 dBi from 110 GHz to 170 GHz,
respectively. Both Tx and Rx antennas are vertically polarized
and have theoretical HPBW of 12◦ and 13.5◦ in E-plane and
H-plane, respectively, at 110 GHz. The LoS path loss has
been recorded as the distance d is varied from 35.56 cm to
86.36 cm in 5.08 cm increments as shown in Fig. 1 (b). The
measurement parameters are summarized in the fourth column
of the Table I.

C. Measurement Setup for 300 GHz Measurements
The measurement setup consists of the N5224A PNA vector
network analyzer (VNA), the VDI transmitter (Tx210) and the
VDI receiver (Rx148) [11]. The measurement setup parameters are detailed in the fifth column of the Table I. For this
measurement campaign, two horn antennas with 26 dBi gain
are used. Both antennas are vertically polarized and mounted
about 1.5 cm above the ground. The theoretical HPBW are
about 10◦ in azimuth and elevation. The LoS path loss has
been recorded as the distance d is varied from 10 cm to 25
cm in 2.5 cm increments (Fig. 1 (c)).
Note that different values of ∆fIF are chosen for each
measurement setup in order to accommodate different noise
resulting from the 30 GHz, 140 GHz, and 300 GHz Tx –Rx
modules, respectively. Furthermore, with finite transmit power,
propagation distances are limited at higher frequencies. Therefore, different distances between the antennas are selected for
different frequencies.
III. OVERVIEW OF PATH L OSS M ODELS
In this section, we review four path loss models, i.e. the
single-frequency floating-intercept (FI), the single-frequency
close-in (CI) free space reference distance model, the multifrequency CI model with a frequency-dependent term (CIF),
and the multi-frequency alpha-beta-gamma (ABG) model.
These models will be used to compare path loss measurements
at 30 GHz, 140 GHz, and 300 GHz.
The first model is the single-frequency floating-intercept (FI,
alpha-beta, or the 3rd Generation Partnership Project 3GPP)
model defined as [12]
 
d
FI
+ XσFI , d ≥ d0 ,
(1)
PL (d) = α + 10β log10
d0
where PLFI (d) is the path loss in dB as a function of d, α is a
floating intercept in dB that represents the free-space path loss
at d0 = 10 cm, d0 is a reference distance, β is the path-loss
exponent (PLE) that characterizes the dependence of path loss
on d, and XσFI is the large-scale shadow fading that can be
modeled as a zero-mean Gaussian distributed random variable
with standard deviation σ (in dB). To estimate the path loss
model parameters α, β, and σ, the least-squares linear fitting
is performed through the measured path loss data sets such
that the root mean square (rms) deviation from the mean path
loss is minimized. The FI model is used in the WINNER II
and the 3rd Generation Partnership Project (3GPP) [13], [14].
The second model is the single-frequency close-in (CI) free
space reference distance model and is defined as [15]
 
d
CI
PL (f, d) = FSPL(f, d0 ) + 10β log10
+ XCI
σ ,
d0
d ≥ d0
(2)
where FSPL(f, d0 ) = 20 log10 (4πfd0 /c) is the free space path
loss at carrier frequency f with d0 = 10 cm and c as the speed
of light, β represents the PLE, and XσCI represents the largescale shadow fading. Path loss model parameters β and σ are
estimated by the least-squares linear fitting method.

TABLE II
PATH L OSS M ODEL PARAMETERS
Meas.

30 GHz

D-band

D-band
with
de-emb.
error

300 GHz

Freq.
(GHz)
26.5
30
32
34
36
38
40
112.5
120
130
140
150
160
167.5
112.5
120
130
140
150
160
167.5
300
303
306
309
312
315

FI
41.15
42.12
42.71
43.31
43.78
44.26
44.62
53.45
54.01
54.59
55.29
55.58
56.41
56.92
54.32
54.51
54.59
55.29
55.58
56.41
56.92
62.08
62.12
62.21
62.26
62.28
62.30

α/FSPL (dB)
CI
CIF
40.91
40.91
41.98
41.98
42.54
42.54
43.07
43.07
43.57
43.57
44.04
44.04
44.48
44.48
53.46
53.46
54.03
54.03
54.72
54.72
55.36
55.36
55.96
55.96
56.52
56.52
56.92
56.92
53.46
53.46
54.03
54.03
54.72
54.72
55.36
55.36
55.96
55.96
56.52
56.52
56.92
56.92
61.98
61.98
62.07
62.07
62.16
62.16
62.24
62.24
62.32
62.32
62.41
62.41

ABG

12.77

16.35

25.41

17.01

FI
1.989
1.988
1.984
1.977
1.960
1.986
1.988
2.007
2.001
2.013
1.982
2.022
1.973
1.979
2.007
2.001
2.013
1.982
2.022
1.973
1.979
1.941
1.975
1.987
2.031
2.062
2.002

PLE/β
CI
CIF
2.014
2.002
2.001
2.001
2.002
1.982
2.010
2.003
2.005
1.999
1.996
1.983
1.972
1.972
1.958
1.979
2.118
2.064
1.996
2.003
1.972
1.972
1.958
1.979
1.970
1.988
2.003
1.997
2.036
2.049
1.970

The third model is multi-frequency CI model with a
frequency-dependent term (CIF) and is defined as [16]



f − f0
CIF
PL (f, d) = FSPL(f, d0 ) + 10β 1 + b
f0

· log10

d
d0



+ XσCIF , d ≥ d0

(3)

where PLCIF (f, d) represents the path loss in dB over frequency and distance, d0 = 10cm, β denotes the PLE, b
represents the linear frequency dependence of path loss on
the weighted average of all frequencies, and f0 is a reference
frequency and it functions as a reference point for the linear
frequency dependence of the
reference frequency
PNPLE. The P
N
f0 is computed as f0 =
f
N
/
k=1 k k
k=1 Nk , where N
is the number of frequency sweep points as summarized in
Table I, Nk is the number of frequency-response snapshots
over time corresponding to the k th frequency, fk . The largescale shadow fading is characterized by XσCIF . The parameters
β, b, and σ are estimated by the least-squares linear fitting
method.
Finally, the multi-frequency alpha-beta-gamma (ABG)
model is defined as [3], [17]
 
d
ABG
PL
(f, d) = α + 10β log10
d0


f
+ 10γ log10
+ XσABG , d ≥ d0 (4)
1GHz
where α is the floating intercept for path loss in dB, d0 =
10cm, β denotes the PLE, γ shows the dependence of path
loss on frequency, f is the carrier frequency in GHz, and XσABG
represents the large-scale shadow fading. The parameters α,
β, γ, and σ are estimated by the least-squares linear fitting
method.

ϒ/b
ABG

CIF

ABG

1.982

-0.003

1.991

1.997

-0.054

1.812

1.997

-0.168

1.397

2.005

0.378

1.815

FI
0.070
0.050
0.039
0.067
0.125
0.090
0.061
0.069
0.164
0.119
0.130
0.108
0.114
0.116
0.069
0.164
0.119
0.130
0.108
0.114
0.116
0.028
0.011
0.079
0.137
0.102
0.187

σ (dB)
CI
CIF
0.096
0.062
0.060
0.267
0.094
0.136
0.108
0.072
0.060
0.142
0.106
0.211
0.113
0.120
0.102
0.101
0.177
0.170
0.106
0.290
0.113
0.120
0.102
0.101
0.080
0.037
0.069
0.628
0.097
0.079
0.156

ABG

0.262

0.209

0.274

0.628

IV. C OMPARISON OF PATH L OSS M ODELS AT 30 GH Z , 140
GH Z , AND 300 GH Z
The measurement results for the three scenarios described
in Section II are presented and analyzed in this section. Here,
we refer to measured path loss, P L, as the transmit power,
Pt , multiplied by the transmit and receive antenna gains, Gt
and Gr , respectively, divided by the received power, Pr , i.e.,
P L = Pt · Gt · Gr /Pr .
(5)
Figs. 2 (a)–(d) compare the measured path loss with the
theoretical path loss in the 30 GHz, 140 GHz, and 300 GHz
measurements, respectively. It is observed that the measured
path loss curves (solid) very closely follow the theoretical ones
(dotted) in all frequency bands. Fig. 2 (a) shows more fluctuation in the measured path loss as the distance d increases.
These fluctuations are the result of multiple reflections from
objects surrounding the LoS path in the indoor environment,
e.g. office tables and chairs. Due to wider HPBW (55◦ ) of the
horn antennas used in the 30 GHz measurement, inevitably,
the surrounding objects become a part of the 30 GHz channel
as the distance increases. Fig. 2 (b) shows that the measured
path loss curves at 140 GHz also closely follow the theoretical
path loss curves. However, the fluctuations of the measured
path loss around the theoretical value are now a result of
multiple reflections between the fronts of the Tx and Rx
test heads [4]. Fig. 2 (c) shows that the measured path loss
curves at 300 GHz also follow the theoretical path loss curves.
In this frequency band, the measured path loss varies even
more around the theoretical value as a result of the frequency
dependence characteristics of the 300 GHz channel. Finally,
Fig. 2 (d) illustrates impact of the antenna de-embedding
error on the path loss modeling prediction. The antenna deembedding is performed by subtracting the antenna gain from
the measured S21 in order to calculate the path loss. Deembedding errors exist where inaccurate antenna gains are

applied. The results show that measured path loss curves
deviate from the theoretical path loss curves up to 1.5 dB
at 110–125 GHz due to improper antenna gain de-embedding.
In this section we will investigate which path loss models are
the most robust to path loss measurement errors.

de-embedding of antenna gain, we can observe that FI model
correctly predicts PLE to be 2, and increases αFI parameter
which corresponds to physical reality. On the other hand, the
CI model predicts that PLE/β parameter has increased and that
FSPLCI remains unchanged. Furthermore, we can observe that
σFI remains at 0.069 dB while σCI increases almost 300% from
0.06 dB to 0.177 dB at 110 GHz. These results show that FI
model handles better measurement errors in comparisons to
CI model.

Fig. 2. Measured path loss (solid curves) versus theoretical path loss (dotted
curves) in indoor LoS environment across different distances and frequencies,
(a) 30 GHz, (b) 140 GHz, (c) 300 GHz, and (d) 140 GHz with antenna
de-embedding error.

In order to characterize the mm-wave signal attenuation at
30 GHz, 140 GHz, and 300 GHz as a function of distance and
frequency for the indoor environments, the path loss model
parameters of the single-frequency models (FI and CI) and
the multi-frequency models (CIF and ABG) are estimated and
presented in Table II. To analyze the frequency dependence
effects, the measured path loss is averaged within a frequency
window of ±450 MHz at each selected frequency.
First we compare the results of the single-frequency FI
and CI path loss models in Fig. 3. The Figs. 3 (a), (d) and
(g) compare αFI /FSPLCI , PLE/β, and σ parameters of FI
and CI models at 30 GHz. Similarly, Figs. 3 (b), (e) and
(h) compare FI and CI model parameters at 140 GHz, and
Figs. 3 (c), (f) and (i) compare FI and CI model parameters
at 300 GHz. The results show that if no measurement error
is present in the channel impulse response, both models have
PLE/β parameter 0.05 above or below 2 in all frequency bands,
which agrees very well with the theoretical free space PLE of
2. Similarly, the curves for αFI parameter closely align with
the curves of FSPLCI parameter with variation no larger than
0.38 dB across 30 GHz, 140 GHz, and 300 GHz frequency
bands. Finally, the σFI and σCI are lower than 0.2 dB and the
maximum difference between σFI and σCI is less than 0.05
dB. It is observed that the σ parameters in the 300 GHz LoS
measurement in [8] are larger than the ones in this paper. This
is because the measurement distance d in [8] exceeds 40 cm,
where reflections from the desktop starts to impact the channel.
When we consider measurement error introduced by incorrect

Fig. 3. Frequency dependence analysis of the single-frequency FI and CI
path loss models. Figs. (a)–(c) show path loss model parameter α/FSPL at
30 GHz, 140 GHz, and 300 GHz, respectively, Figs. (d)–(f) show path loss
model parameter PLE/β at 30 GHz, 140 GHz, and 300 GHz, respectively,
and Figs. (g)–(i) show path loss model parameter σ at the 30 GHz, 140 GHz,
and 300 GHz, respectively.

Now, we compare the results form the multi-frequency CIF
and ABG path loss models which provide channel characteristics across entire frequency band. The path loss surface fitting
plots and model parameters for CIF and ABG are presented in
Figs. 4 (a)–(f) and Table II, respectively. Without the antenna
de-embedding error, Figs. 4 and Table II show that the CIF and
ABG models have very similar parameters PLE and σ across
the entire frequency band. The parameters PLE of CIF and
ABG models are within the range of 0.02 above or below 2
in all frequency bands, which agrees well with theoretical free
space PLE of 2. Similarly, the parameters σABG and σCIF are
almost identical in the entire frequency range. Comparing the
frequency dependence factors bCIF with γABG , it shows that
bCIF is larger in the 300 GHz measurement (0.378) than in
the 30 GHz (-0.003) and 140 GHz (-0.054) measurements,
indicating more frequency dependence of path loss in the
300 GHz channel. On the other hand, γABG remains similar
magnitude among all frequencies. The results show that CIF
has more meaningful insights on the frequency dependence
of path loss than ABG, because of the physics-based path
loss anchor. It is also observed that multi-frequency models
(CIF and ABG) have better stability for PLE and standard

deviation than the single-frequency models (CI and FI), while
compromise on accuracy, i.e. higher standard deviation.
When the antenna de-embedding error in the D-band measurement is present, we can observe that both CIF and ABG
models have PLE=2, and that the increase of σCIF and σABG
are within 38%, which is relatively small as compared with
the 300%-increment of the σCI . We can also observe that the
parameter αABG drastically increases from 16.35 dB to 25.41
dB, indicating a de-embedding error.
Results in Figs. 2- 4 show that the CIF and ABG models
are more resilient to antenna de-embedding error and have
better stability for PLE and σ parameters compared to CI and
FI models. Furthermore, the models without physical anchors
can accurately diagnose the de-embedding error by increased α
while have stable values of PLE at 2 in the LoS environments.

Fig. 4. Multi-frequency CIF and ABG path loss models at 30 GHz (a)–(b),
respectively, 140 GHz (c)–(d), respectively, and 300 GHz (e)–(f), respectively.

V. C ONCLUSIONS
This paper presents the mm-wave propagation measurements at 30 GHz, 140 GHz, and 300 GHz frequency bands
in the indoor LoS environments. Then it compares performance of the single-frequency floating-intercept (FI) model,
the single-frequency close-in (CI) model, the multi-frequency
alpha-beta-gamma (ABG) model, and the multi-frequency
close-in frequency-dependant (CIF) model at 30 GHz, 140
GHz, and 300 GHz. The results show that if no measurement
error is present in the channel impulse response, all four
models have very similar performance and the model with
the smallest number of parameters would be the optimal
choice. Furthermore, results show that multi-frequency models
have higher stability than single-frequency models. Finally, the
results show that in the presence of measurement errors or

lack of detailed antenna gain characterization, models without
physical anchor (i.e. FI and ABG models) outperform models
with physical anchor and correctly predict the reason for path
loss mismatch between model and theoretical values.
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