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Abstract—3GPP air interface standards support meter-level

position location of a user in a cellular network. With wider

bandwidths and narrow antenna beamwidths available at

mmWave frequencies, cellular networks now have the potential

to provide sub-meter position location for each user. In this

work, we provide an overview of 3GPP position location

techniques that are designed for line-of-sight propagation. We

discuss additional measurements required in the 3GPP standard

that enable multipath-based non-line-of-sight position location.

Further, we validate the concepts in this paper by using field

data to test a map-based position location algorithm in an indoor

office environment which has dimensions of 35 m by 65.5 m. We

demonstrate how the fusion of angle of arrival and time of flight

information in concert with a 3-D map of the office provides a

mean accuracy of 5.72 cm at 28 GHz and 6.29 cm at 140 GHz,

over 23 receiver distances ranging from 4.2 m to 32.3 m, using a

single base station in line-of-sight and non-line-of-sight. We also

conduct a theoretical analysis of the typical error experienced

in the map-based position location algorithm and show that the

complexity of the map-based algorithm is low enough to allow

real-time implementation.

Index Terms—localization; ; position location; navigation;

mmWave; 5G; ray tracing; site-specific propagation; map-based

I. INTRODUCTION

Position location (also called positioning or localization) is

a key application for the fifth generation of mobile technolo-

gies (5G) and beyond [1]. A variety of applications such as

automated factories require precise knowledge of machinery

and product locations [2], [3] and will benefit from sub-

meter position location. Self-driving cars of the future must

be positioned with respect to their surroundings (i.e. other

vehicles, pedestrians, and road structures). With accurate

meter-level position location, commercial applications such

as guided museum tours [4], navigation in large malls or

office spaces, locating products in retail stores [5], and patient

tracking in hospitals are now realizable.

Accurate position location of a user is critical for E911

emergency services [6] and see-in-the-dark capabilities for

firefighters and law enforcement. To ensure that the position

of E911 callers is communicated to the first responders in an

accurate and timely manner, the FCC has set forth regulatory

positioning requirements of a horizontal positioning error

< 50 m for 80% of all wireless calls, and a vertical

positioning error < 3 m in the top 25 US markets by April

3, 2021, with an end to end latency < 30 s [7]. A third

generation partnership project (3GPP) study suggests a more

stringent horizontal positioning requirement of < 3 m, with

an end to end latency < 1 s [8], which may not be sufficient

for a variety of commercial use cases that require sub-meter

positioning accuracy. Advanced functionalities required by

self-driving cars, such as overtaking, collision avoidance, and

platooning require an accuracy of 30 cm [9].

A large number of researchers are actively working towards

achieving ubiquitous sub-meter position location accuracy.

In [10] the user equipment (UE) is localized by assuming

that a line-of-sight (LOS) multipath component (MPC) was

received by the UE, in addition to single-bounce non-line-

of-sight (NLOS) MPCs. Simulations in a rectangular room

with dimensions of 4 m by 3 m showed a localization error

less than 20 cm when an antenna beamwidth of 8.6◦ was

used. Although work in [11] did not assume the presence of

a LOS path, the authors do assume that only single-bounce

reflections reach the UE. The authors in [11] derived an

angular relationship between the angle of departure at the

BS and the angle of arrival at the UE, by assuming that

the environment is rectangular. Decimeter-level positioning

error was achieved at an SNR of 0 dB at 28 GHz in

simulations conducted in an indoor office and shopping mall

with dimensions 15 × 20 × 4 m3 and 20 × 50 × 20 m3

respectively. The assumption that multi-bounce reflections are

not feasible is not supported by measurements conducted at

mmWave frequencies [12], [13].

The authors of [14] used ultra wideband (UWB) signals

and UE tracking via an extended Kalman filter, without

assuming single-bounce reflections. The TX position was

mirrored across each obstruction in the environment to create

“virtual access points” (VAs) which act as additional anchor

points to localize users. Four TXs were used to localize the

user in an area of approximately 20 m × 5 m. Using a signal

with pulse width Tp = 0.2 ns, a root mean squared (rms)
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positioning error of 3.2 cm was achieved.

The remainder of this paper is organized as follows.

Section II describes position location support in 3GPP. Map

assisted positioning with angle and time (MAP-AT), a map-

based positioning algorithm that fuses angular and tempo-

ral information with a map of the environment to provide

centimeter-level position location in LOS and NLOS environ-

ments, is described in Section III and the complexity analysis

and a theoretical error analysis is derived. The performance of

MAP-AT on real-world indoor measurement data at 28 GHz

and 140 GHz is evaluated in Section IV. Concluding remarks

and directions for future work are provided in Section V.

II. 3GPP POSITION LOCATION

Support for UE position location in the 3GPP standard can

be traced back to the E-911 location service regulations set

forth by the FCC in 1996 [6], [15]. Today, with the ubiquitous

nature of cell phones, 80% E-911 calls are placed from

wireless devices [7] and hence wireless position location is

even more critical. Widespread adoption of a position location

algorithm by network operators and cell phone manufacturers

is only possible if the algorithm is standard-compliant. To

develop standard-compliant position location algorithms, it is

important to understand 3GPP position location, the wireless

channel parameters currently used for 3GPP position location,

as well as potential channel features that could be introduced

in future 3GPP releases.

LTE UE position location is managed by a physical

or logical entity called the location server (LCS), which

obtains measurements from the BS and UE and provides

assistance data (such as BS coordinates) to help position

the UE. Two types of location solutions are offered by

3GPP LTE - control plane location solutions and secure

user plane location (SUPL), each managed by a separate

LCS. In control plane positioning, managed by the Evolved

Serving Mobile Location Center (E-SMLC), the network

routes positioning messages over signaling connections to

ensure quick and secure positioning. In SUPL, managed by

the SUPL secure location platform (SUPL-SLP), message

exchange takes place over the data traffic link. The location

measurement unit (LMU) at the BS measures the sounding

reference signal (SRS) required for uplink positioning, while

the positioning reference signal (PRS) is measured at the

UE for downlink positioning. The overall LTE positioning

architecture is illustrated in Fig. 1.

A. Position Location Techniques Supported by 3GPP

The simplest 3GPP position location technique, Cell ID

(CID) proximity positioning, estimates the UE to be at the

serving BS. With Enhanced CID (E-CID), CID accuracy is

improved by incorporating reference signal strength (RSS)

measurements at the UE, and timing advance (TA) and AoA

Fig. 1. GNSS and LTE measurements are sent from the BS and UE to

the LCS. If the UE location is calculated at the UE, the estimated position

location solution is forwarded to the LCS.

Fig. 2. TA (δ1) ensures uplink frames of all UEs are aligned.

measurements at the BS [16]. Due to the varying distances

of UEs from the BS, the uplink data arrives at the BS with a

delay proportionate to the BS-UE distance. To ensure uplink

frame time-alignment, the TA is sent as downlink feedback

and enables UEs to adjust their uplink transmission, and thus

provides an estimate of the round trip time (RTT) of the first

arriving MPC at the BS, as seen in Fig. 2. The time of flight

(ToF) of the first arriving MPC (the one-way travel time)

is equal to half the RTT. The minimum reportable one-way

distance dmin, calculated from the ToF, decreases with an

increase in subcarrier spacing (SCS) and is given by [17]

dmin = 78.12/2µ, (1)

when the SCS is 2µ×15 kHz. In 5G-NR, the maximum SCS

is 60 kHz for lower frequency bands (below 6 GHz), corre-

sponding to a minimum reportable distance of 19.52 m, while

the maximum SCS is 480 kHz for higher frequency bands

(above 24 GHz), corresponding to a minimum reportable

distance of 2.44 m.

Although specific details of how to utilize the RSS and TA

measurements are not provided in the standard, TA and/or

RSS may be utilized to estimate the distance between the BS

and UE [13], [18]. The distance estimate may be combined

with AoA to calculate the position of the UE via simple

geometric calculations [13], [18].



While antenna arrays at BS are becoming more prevalent

due to the need for beamforming at mmWave frequencies,

some current BSs may not be fitted with antenna arrays due to

cost considerations. In the absence of AoA, multiple distance

estimates (estimated from RSS/TA) may also be used for UE

position location (via trilateration) if the UE is in the coverage

area of at least three BSs. The primary BS may initiate forced

handovers, allowing the UE to estimate the TA/RSS from

other neighboring BSs [15].

GNSS receivers (RXs), present in nearly all modern cel-

lular devices, localize a UE to within 5 m when four or

more satellites are directly visible [19]. However, in urban

canyons where the direct path to satellites is blocked, GNSS

performance deteriorates. With assisted GNSS (A-GNSS),

3GPP networks improve GNSS performance by providing

assistance information to the UE that helps improve RX

sensitivity and reduce time to first fix (TTFF) and UE power

consumption [20]. The cellular network provides external

information that improves the GNNS position TTFF by

utilizing a coarse estimate of the UE location (for instance

via E-CID) to reduce the frequency/code-delay search space.

The lower TTFF allows UEs to consume less power as the

GNSS RX need not be always-on.

Downlink TDoA (called observed time difference of arrival

(O-TDOA) in 3GPP [16]) is measured at UE. The difference

in time at which the PRS is received at the UE from two BSs

is called the reference signal timing difference (RSTD). Since

the BSs are synchronized via GNSS satellites, RSTD has a

direct relation to the geometric difference in distance of the

two BSs from the UE. O-TDoA supports a time resolution of

0.5 Ts (4.88 m), when RSTD ≤ 4096 Ts and a time resolution

of 1 Ts (9.67 m) when 4096 Ts ≤ RSTD ≤ 15391 Ts, where

1 Ts = 32.522 ns (9.76 m).

Just as O-TDoA is measured at the UE, uplink time dif-

ference of arrival (UTDOA) is measured at the BS, allowing

UEs lacking capabilities to make OTDoA measurements to

be localized. The SRS, a Zadoff-Chu sequence transmitted

by the UE, is utilized by two or more pairs of BS to measure

the relative time of arrival. A minimum resolution of 2 Ts

(19.51 m) is possible.

To improve the vertical component of UE position loca-

tion, the barometric positioning method is used, wherein the

atmospheric pressure at the UE is measured using barometric

pressure sensors found in most modern cell phones [16].

Since the atmospheric pressure decreases with an increase

in UE height, by calibrating the barometric pressure sensor

to the atmospheric pressure at a known height, the vertical

UE position may be determined.

B. Support for Position Location algorithms of the future

With the advent of ultra-wide bandwidths due to the

utilization of mmWave frequency bands, MPCs can now be

resolved to a finer time resolution. Localization techniques

that exploit multipath information require delay and angle

measurements of more than one path. Currently, 3GPP sup-

ports the reporting of the relative delay of all MPCs with

respect to the MPC utilized to calculate the RSTD, via the

additional path information element with a resolution of 0.5

Ts (4.88 m) [21]. By adding the relative MPC delay to TA, the

absolute time of arrival of individual MPCs can be calculated.

3GPP currently supports the measurement of the AoA of

only one signal at the BS, due to which AoA information

of individual MPCs is lacking.

A consequence of moving to higher frequencies is the

development of electrically large (yet physically small) an-

tenna arrays at the BS and UE. It is expected that future

releases will include AoA measurements at the UE since

multiple input multiple output (MIMO) capable UEs are

already widely available. AoA measurements at the UE would

also require orientation estimation which could be done via

in-built sensors present in the UE, such as the accelerometer,

magnetometer, and gyroscope [22].

III. POSITION LOCATION WITH MAP-AT

MAP-AT is a position location algorithm that utilizes a

map of the environment (pre-generated or generated on-the-

fly) along with temporal and angular information. The angle

of arrival (AoA) and time of flight (ToF) of multipath compo-

nents are estimated at the BS. As discussed in Section II, TA,

conventionally used to synchronize the uplink transmissions

of UEs, is used to estimate the ToF of the first arriving

MPC at the BS. Additional path information, measured on

the downlink at the UE, provides the relative ToF of later

arriving MPCs with respect to the first arriving MPC. By

adding the TA measured at the BS to the relative path delays,

the absolute delays of the MPCs arriving at the UE can be

estimated. By channel reciprocity, the absolute delays of each

MPC arriving at the BS on the uplink are equal to the absolute

delays of the MPCs arriving at the UE on the downlink. Thus

a provision to estimate the ToF of MPCs, as required by

MAP-AT, is already supported by 3GPP. However, the AoA

of the MPCs arriving at the BS must also be measured, which

is currently not supported by 3GPP (current support is only

for the measurement of a single AoA at the BS).

Since mmWave signals may suffer multiple reflections

[23], MAP-AT makes no assumptions on the number of

reflections or transmissions of an MPC before the signal

reaches the UE. After one reflection/transmission, if the ToF

and AoA of a multipath signal sent from the BS are known,

there are two possible locations of the UE. If the signal

reached the user after one reflection, the UE and BS must lie

on the same side of the reflecting object. If the signal reached

the BS directly from the UE, or through one obstruction, the

BS and UE must lie on opposite sides of the obstruction. The



Fig. 3. Three MPCs arrive at the UE shown above - one LOS component (in

green) and two NLOS components (in blue and black). Of the six candidate

locations for the user, based on AoA and ToF measurements at the BS

(CL1 − CL6), three candidate locations (CL3, CL5, CL6) correspond to

the actual location of the user [13].

possible locations of the user, based on ToF and AoA at the

BS shall henceforth be referred to as candidate locations.

When the signal is reflected or transmitted multiple times,

each successive reflection/transmission creates more candi-

date locations, as seen in Fig. 3. The process of finding

candidate locations is repeated for all MPCs. If a UE in

LOS environment receives a single MPC, since the MPC

corresponds to a single candidate location, the UE location

can be unambiguously determined as the position of the

candidate location. In NLOS, since a single MPC will create

two or more candidate locations, the BS is not able to

determine which candidate location corresponds to the user’s

true location. However, when two or more MPCs arrive at the

user, a majority of the candidate locations will correspond to

the true location of the user. For each MPC arriving at the

user, one candidate location calculated based on the AoA

and ToF of the MPC corresponds to the true user’s location.

Fig. 3 depicts all the candidate locations when three MPCs

are received by the UE from the BS. The location of the

UE corresponds to the candidate location identified by the

maximum number of MPC.

A. Theoretical Error Analysis

Before considering the overall position location error of

MAP-AT, we shall first consider the position estimation error

of a single candidate location. Let ε be the vector between

the true UE location and the candidate location. Consider

an MPC with ToF t which is measured by the BS with an

angular error of δθ and a temporal error of δt. Appealing to

the physical principle that images of objects in plane mirrors

have the same length as the objects themselves, it is clear

that ε (the length of the error vector) and ε′ (the length of

the image obtained after reflection through a wall W) have the

same magnitude, as seen in Fig. 4. Indeed, even after multiple

reflections, the length of the error vector remains constant.

Fig. 4. When the angular error δθ is small, the angular and temporal

components of position location error (δy and δx respectively) of an MPC

are near-orthogonal, making an angle of 90◦ + δθ/2. The magnitude of ε
and ε′ are equal due to which error analysis may be carried out by assuming

all MPCs are LOS.

As a result of this observation, error analysis of any NLOS

MPC with ToF t may now be reduced to the error analysis of

a LOS MPC with ToF t, angular error of δθ and a temporal

error of δt. The distance covered by the MPC is given by

r = c× t, where c is the speed of light.

As seen in Fig. 4, for small angular errors angular and

distance errors combine in a near-orthogonal manner, due to

which, if the angular component of position location error

is given by δx = r × δθ and the temporal component of

position location error is given by δy = c×δt, the magnitude

of the error vector is given by ε =
√

δx2 + δy2. Assuming

the angular and temporal estimation errors δx and δy are

Gaussian, ε is a generalized chi-distribution, with a second

moment equal to the sum of the variances of the angular

and temporal estimation errors. Note that if the variances of

δx and δy were the same, ε would be a Rayleigh random

variable. However in general ε is a chi-distribution. The

mean position location error was estimated from Monte Carlo

simulations, and is equal to 7.56, 10.18, and 16.26 cm when

r = 5, 10, and 20 m. Temporal and angular noise were zero-

mean Gaussian random variables with standard deviations of

0.25 ns and 0.5◦ respectively.

In MAP-AT, an estimate of the UE location is found by

calculating the centroid of candidate locations belonging to

the largest cluster. Thus, assuming that there are N candidate

locations in the largest cluster and that each of the MPC error

vectors are i.i.d with mean µ and variance σ2, the position

location error magnitude is also Chi distributed with mean µ

and variance σ2/N .

B. Computational Complexity

As discussed above, the estimation of AoA and ToF in

MAP-AT does not require additional computations at the BS

or UE, beyond the requirements for wireless communication.

Once the AoA and ToF are estimated, the candidate locations

must be calculated. Unlike ray tracing, where signal paths

in all directions must be calculated, MAP-AT requires path



calculations only in the directions where the MPCs arrive

from. Indoor mmWave channel statistics at 28 an 140 GHz

provided in [23] indicate a maximum of 10 MPCs, with a

median of fewer than four MPCs per location. Typically,

mmWave signals suffer fewer than 3 reflections. In general,

with a maximum of k reflections and M MPCs, 2k · M

reflections must be calculated, which can be done in real-

time on any modern UE or BS.

To further reduce computations, the temporal and angular

domain may be quantized. The candidate locations could then

be pre-computed and stored as a look-up table, depending on

the AoA and ToF of the MPC.

Close-by candidate locations are grouped together. Let

there be n distinct candidate locations. Grouping all n can-

didate locations will involve at most
(

n
2

)

euclidean distance

calculations, i.e. a computational complexity of O(n2).

In simulations conducted on an Intel i7-3770 CPU with 16

GB RAM, computing all the candidate locations for one MPC

took 13.01 µs on average while grouping candidate locations

required an additional 1.29 µs. Since candidate locations for

all MPCs may be computed in parallel, the total computation

time of MAP-AT was 14.30 µs per location. with sequential

calculation of candidate locations, assuming four MPCs per

location, MAP-AT only requires 53.33 µs per location, which

is low enough to enable real-time implementation.

IV. MAP-AT PERFORMANCE WITH REAL-WORLD

INDOOR MMWAVE MEASUREMENTS

The localization performance of MAP-AT shall now be

examined with real-world indoor measurements at 28 and 140

GHz. Measurements at both frequencies were conducted in

the same indoor environment, on the 9th floor of 2 MetroTech

Center, the former research center of NYU WIRELESS.

The floor plan is provided in Fig. 5. A wideband sliding

correlator-based channel sounder was used in both measure-

ment campaigns, having a null-to-null RF bandwidth of 800

MHz and 1 GHz at 28 GHz and 140 GHz respectively.

Identical horn antennas at the transmitter (TX) and

RX with 15 dBi (27 dBi) gain and 30◦(8◦) half-power

beamwidths (HPBW) were used at 28 GHz (140 GHz). The

horn antennas were mounted on electronically steerable gim-

bals with sub-degree accuracy in the azimuth and elevation

plane and rotated in steps of the antenna HPBW. The TX

gimbal was at a height of 2.5 m, just below the ceiling (2.75

m high) to replicate the location where mmWave BS could

be deployed, as seen in Fig. 6 while the RX gimbal was at a

height of 1.5 m, the typical mobile UE height as seen in Fig.

7. To detect MPCs as required by MAP-AT, after the TX and

RX antennas were pointed directly at each other (boresight),

the RX antenna was swept in the azimuth plane in HPBW

steps. To measure additional MPCs, the TX and RX antennas

were realigned at boresight and the TX antenna was swept

in the azimuth plane in HPBW steps.

Spatial lobes in the TX and RX antenna sweeps were

extracted by defining a threshold 10 dB below the maximum

power. All contiguous angular directions with powers above

the 10 dB threshold were considered to belong to the same

spatial lobe [24]. The mean angle of each spatial lobe (µθ)

was calculated as a weighted average of all the segments

belonging to the spatial lobe [25], given by:

µθ = arg

(

∑

i

Pi exp(jθi)

)

, (2)

where θi and Pi are the AoA and power of MPC i respec-

tively.

Due to the lack of ToF measurements, the measured AoA

was augmented with ToF predicted by NYURay, a 3-D

mmWave ray tracer [13]. NYURay is a hybrid ray tracer

calibrated to real-world mmWave measurements capable of

providing accurate temporal, angular, and power measure-

ments. Since an exhaustive search of all TX-RX pointing

angles was impractical for the real-world measurements,

some MPCs predicted by NYURay were not detected in

the measurements (a median of fewer than 4 MPCs were

measured at each location at 28 and 140 GHz [23]). Zero

mean Gaussian noise with a standard deviation of 0.25 ns and

0.5◦ was added to the measured ToF and AoA respectively

to model measurement uncertainty. In order to ensure that

meaningful statistics were obtained, 1000 simulation runs

were conducted for each BS-UE pair.

Good localization results were obtained using a single BS

at each frequency. A mean error of 5.72 cm was observed

over 23 locations at 28 GHz, while a mean error of 32.5

cm was observed over 10 locations at 140 GHz. Although

the performance of MAP-AT at both frequencies was good,

the relatively worse performance at 140 GHz was caused by

a single outlier at 140 GHz, located behind a corner where

only 2 MPCs were detected, due to which a small error in

AoA estimation at the BS led to an incorrect prediction of

the reflecting obstruction resulting in an outlier error of 2.68

m which skewed the mean error at 140 GHz. However, 3

MPCs were detected at 28 GHz, and since MAP-AT relies

on majority candidate location selection, the UE location was

correctly predicted. A mean error of 6.29 cm was obtained

over the remaining 9 locations at 140 GHz. The theoretical

analysis from Section III-A predicted a mean position loca-

tion error of 10.18 cm at 10 m, which is in good agreement

with the mean errors obtained from measurements. Table I

and II illustrate how the error varies with frequency and BS-

UE separation distance in LOS and NLOS environments at

28 GHz and 140 GHz respectively.



Fig. 5. Map of the 9th floor of 2 MTC, depicting the indoor locations where measurements were conducted at 28 GHz and 140 GHz [12], [23]

Fig. 6. BS 5 was mounted on a gimbal at a height of 2.5 m in a classroom.

Fig. 7. UE 11 was mounted on a gimbal at a height of 1.5 m in a long

corridor.

TABLE I. Performance of the MAP-AT at 28 GHz for different BS-UE

separation distances in LOS and NLOS environments.

BS-UE

distance

Number of

UE Locations

µd

(m)

σd

(m)

BS-UE

Link type

µε

(cm)

σε

(cm)

<10 m
5

8

6.10

8.02

1.41

1.07

LOS

NLOS

5.95

5.36

1.46

1.00

10 - 35 m
3

7

15.71

16.10

4.87

7.37

LOS

NLOS

6.40

5.67

1.96

1.19

(all)
8

15

9.70

11.79

5.71

6.43

LOS

NLOS

6.12

5.51

1.54

1.07

TABLE II. Performance of the MAP-AT at 140 GHz for different BS-UE

separation distances in LOS and NLOS environments.

TX-RX

distance

Number of

UE Locations

µd

(m)

σd

(m)

BS-UE

Link type

µε

(cm)

σε

(cm)

<10 m
3

1

6.32

8.34

2.38

-

LOS

NLOS

6.86

5.21

1.38

-

10 - 30 m
1

5

13.06

15.14

-

7.12

LOS

NLOS

7.56

58.35

-

117.46

(all)
4

6

8.00

14.00

3.89

6.94

LOS

NLOS

7.04

49.50

1.18

107.28

V. CONCLUSION

This paper has provided an overview of the position

location techniques supported by 3GPP. By adding AoA

information in the multipath report in addition to the relative

multipath delays, novel multipath-based position location



schemes could be made compatible with the standard. The

computational complexity of MAP-AT, a map-based position

location algorithm that fuses AoA and ToF information, is

examined and it is shown that MAP-AT is a light-weight

algorithm that can be implemented in real-time. Theoretical

error analysis shows that the position error is a generalized

Chi distributed random variable. The performance of MAP-

AT is evaluated with real-world mmWave data at 28 GHz

and 140 GHz. A mean position location error of 5.72 cm

was obtained at 28 GHz over 23 UE locations, while a

mean error of 6.29 cm was obtained at 140 GHz over 9 UE

locations, after removing one outlier. Future work shall focus

on vehicular and outdoor UE position location.

VI. ACKNOWLEDGMENTS

This material is based upon work supported by the NYU

WIRELESS Industrial Affiliates Program and National Sci-

ence Foundation (NSF) Grants: 1702967 and 1731290.

REFERENCES

[1] T. S. Rappaport et al., “Wireless Communications and Applications

Above 100 GHz: Opportunities and Challenges for 6G and Beyond,”

IEEE Access, vol. 7, pp. 78 729–78 757, June 2019.

[2] T. S. Rappaport, “Indoor radio communications for factories of the

future,” IEEE Commun. Mag., vol. 27, no. 5, pp. 15–24, May 1989.

[3] S. Lu, C. Xu, R. Y. Zhong, and L. Wang, “A RFID-enabled posi-

tioning system in automated guided vehicle for smart factories,” J. of

Manufacturing Systems, vol. 44, pp. 179 – 190, July 2017.

[4] K. W. Kolodziej and J. Hjelm, Local Positioning Systems: LBS Appli-

cations and Services. CRC Press, May 2006.

[5] M. Oplenskedal, A. Taherkordi, and P. Herrmann, “Automated Product

Localization Through Mobile Data Analysis,” in 2019 20th IEEE Int.

Conf. on MDM, June 2019, pp. 18–26.

[6] T. S. Rappaport, J. H. Reed, and B. D. Woerner, “Position location

using wireless communications on highways of the future,” IEEE

Communications Magazine, vol. 34, no. 10, pp. 33–41, Oct. 1996.

[7] FCC, “Wireless E911 Location Accuracy Requirements,” Fifth Report

and Order PS Docket 07-114., Apr. 2019.

[8] 3GPP, “Technical Specification Group Radio Access Network; Study

on NR positioning support (Release 16) ,” TR 38.855 V16.0.0, Mar.

2019.

[9] H. Wymeersch, G. Seco-Granados, G. Destino, D. Dardari, and

F. Tufvesson, “5G mmWave Positioning for Vehicular Networks,” IEEE

Wireless Commun., vol. 24, no. 6, pp. 80–86, Dec. 2017.

[10] J. Chen, D. Steinmetzer, J. Classen, E. Knightly, and M. Hollick,

“Pseudo Lateration: Millimeter-Wave Localization Using a Single RF

Chain,” 2017 IEEE WCNC, pp. 1–6, Mar. 2017.

[11] Z. Lin, T. Lv, and P. T. Mathiopoulos, “3-D Indoor Positioning for

Millimeter-Wave Massive MIMO Systems,” IEEE Transactions on

Communications, vol. 66, no. 6, pp. 2472–2486, Jan. 2018.

[12] G. R. MacCartney, Jr. et al., “Indoor office wideband millimeter-wave

propagation measurements and models at 28 GHz and 73 GHz for

ultra-dense 5G wireless networks,” IEEE Access, vol. 3, pp. 2388–

2424, Oct. 2015.

[13] O. Kanhere, S. Ju, Y. Xing, and T. S. Rappaport, “Map-Assisted

Millimeter Wave Localization for Accurate Position Location,” in Proc.

IEEE GLOBECOM 2019, Dec. 2019, pp. 1–6.

[14] P. Meissner et al., “Accurate and Robust Indoor Localization Systems

Using Ultra-wideband Signals,” in European Navigation Conf. (ENC),

Apr. 2013, pp. 1–9.

[15] J. H. Reed, K. J. Krizman, B. D. Woerner, and T. S. Rappaport,

“An overview of the challenges and progress in meeting the E-911

requirement for location service,” IEEE Commun. Mag., vol. 36, no. 4,

pp. 30–37, 1998.

[16] 3GPP, “UMTS;Stage 2 functional specification of User Equipment

(UE) positioning in UTRAN (Release 15),” TS 25.305 V15.0.0, July

2018.

[17] ——, “5G; NR; Physical layer procedures for control (Release 15),”

TS 38.213 V15.8.0, Jan. 2020.

[18] O. Kanhere and T. S. Rappaport, “Position Locationing for Millimeter

Wave Systems,” in Proc. IEEE GLOBECOM 2018, Dec. 2018, pp. 1–6.

[19] F. Van Diggelen and P. Enge, “The worlds first GPS MOOC and

worldwide laboratory using smartphones,” in Proc. 28th Int. Tech.

meeting Satellite Divis. Inst. Navigat. (ION GNSS+ 2015), Sept. 2015,

pp. 361–369.

[20] 3GPP, “E-UTRAN; Stage 2 functional specification of User Equipment

(UE) positioning in E-UTRAN (Release 15),” TS 36.305 V15.0.0, July

2019.

[21] ——, “E-UTRA; Requirements for support of radio resource manage-

ment (Release 15),” TS 36.133 V15.9.0, Jan. 2020.

[22] N. Mohssen, R. Momtaz, H. Aly, and M. Youssef, “It’s the human

that matters: accurate user orientation estimation for mobile computing

applications,” in Proc. 11th Int. Conf. Mobile Ubiquitous Syst. Comput.

Netw. Services, 2014, pp. 70–79.

[23] S. Ju, Y. Xing, O. Kanhere, and T. S. Rappaport, “Millimeter wave

and sub-terahertz spatial statistical channel model for an indoor office

building,” submitted to IEEE Journal on Selected Areas in Communi-

cations, pp. 1–12, May 2020.

[24] M. K. Samimi and T. S. Rappaport, “3-D statistical channel model for

millimeter-wave outdoor mobile broadband communications,” in 2015

IEEE ICC, June 2015, pp. 2430–2436.

[25] 3GPP, “Technical Specification Group Radio Access Network; Study

on channel model for frequencies from 0.5 to 100 GHz ,” TR 38.901

V15.0.0, July 2018.


	I Introduction
	II 3GPP Position Location
	II-A Position Location Techniques Supported by 3GPP
	II-B Support for Position Location algorithms of the future

	III Position Location with MAP-AT
	III-A Theoretical Error Analysis
	III-B Computational Complexity

	IV MAP-AT performance with Real-world Indoor mmWave measurements
	V Conclusion
	VI Acknowledgments
	References

