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   Abstract — The  accurate  determination  of  vehicle
location is of great research significance, considering chal-
lenges such  as  the  multipath  environment  and  the  ab-
sence  of  Global  Navigation  Satellite  System (GNSS) sig-
nals.  In  this  particular environment,  vehicles  equipped
with  5G  wireless  communication  devices  can  enhance
their positioning accuracy by exchanging information with
infrastructure  (vehicle-to-infrastructure,  V2I).  Therefore,
in this paper, we propose a multifrequency ranging meth-
od and positioning algorithm specifically designed for 5G
orthogonal frequency division multiplexing (OFDM) com-
munication systems. Our approach involves selecting spe-
cific subcarriers  within  the  OFDM  communication  sys-
tem for transmitting ranging frames and capturing delay
observations.  Importantly,  this  selection  does  not  affect
the  functionality  of  other  subcarriers  used  for  regular
communication. By utilizing dedicated subcarriers for ran-
ging and positioning, we achieve accurate vehicle location
without  significantly  impacting  communication  capacity.
We  outline  the  method  for  selecting  ranging  subcarriers
and describe  the  format  of  the  ranging  frame carried  by
these subcarriers. To evaluate the effectiveness of our sys-
tem, we prove the Cramér-Rao lower bound of  this  ran-
ging positioning  system.  The  obtained  ranging  position-
ing  accuracy  meets  the  requirements  for  vehicle  location
applications. In  our  experimental  simulations,  we  com-
pare the  performance  of  our  system with  other  position-
ing  methods,  demonstrating  its  superiority.  Additionally,
we provide theoretical proofs and simulations that estab-
lish the relationship between ranging accuracy and chan-
nel parameters  in  a  multipath  environment.  The  simula-
tion results indicate that, under the conditions of a 5 GHz
frequency  and  a  high  signal-to-noise  ratio,  our  system
achieves a positioning accuracy of approximately 5 cm.

   Key words — Vehicle  location, 5G, Orthogonal fre-

quency division multiplexing, Multi-frequency ranging.

 I. Introduction
With  the  development  of  society,  location-based

service  (LBS)  has  become  more  and  more  important.
For example, robot positioning, vehicle automatic driv-
ing, and indoor rescue [1], all require precise position in-
formation.  In fact,  accurate position information is  the
basis  for  developing  LBS.  At  present,  the  increasingly
mature  Global  Navigation  Satellite  System  (GNSS)
achieves  sub-meter  outdoor  positioning  accuracy  [2],
and  the  development  of  real-time  kinematic  (RTK)
technology  improves  the  positioning  accuracy  to  the
centimeter level  with  the  help  of  ground-assisted  sta-
tions [3].

Currently, significant efforts are being made to en-
hance the  accuracy,  robustness,  and  reliability  of  posi-
tioning systems  while  ensuring  high  real-time  perform-
ance. Many  researchers  are  dedicated  to  the  explora-
tion and development of positioning systems that integ-
rate  both  internal  and  external  vehicle  information
[4]–[6]. By equipping vehicles with wireless communica-
tion  devices,  they  can  effectively  exchange  data  with
the surrounding  environment,  enabling  seamless  com-
munication  between  vehicles  and  the  Internet,  vehicle-
to-vehicle (V2V) communication, vehicle-to-sensor com-
munication,  as  well  as  vehicle-to-infrastructure  (V2I)
communication. These interactions allow vehicles to ac-
quire external information from nearby vehicles or fixed
infrastructure units located on the roadside [7]. Inform-
ation  fusion  between  existing  positioning  methods  and
vehicle positioning related information obtained through
a communication  system  can  further  improve  the  per-
formance of  the positioning system. Moreover,  it  offers
a  solution  to  mitigate  the  limitations  of  on-vehicle 
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sensors caused by restricted viewing distances. This ap-
proach broadens the possibilities for optimizing and im-
proving positioning systems in the future, while requir-
ing relatively affordable costs.

However, it is important to note that GNSS-based
positioning is ineffective indoors as satellite signals can-
not penetrate buildings. This creates an urgent demand
for alternative location-based services in various activit-
ies. When  GNSS  is  unable  to  provide  positioning  ser-
vices, there is a growing research focus on obtaining ac-
curate location information in complex geographical en-
vironments.  Both  industry  and  academia  are  actively
seeking  high-precision  and  high-reliability  positioning，
technologies to address this challenge and ensure accur-
ate location information in such environments.

In  certain  specific  scenarios  where  the  available
space  is  limited,  the  cellular  network-based  partition
positioning  method  [8] may  not  offer  sufficient  accur-
acy for positioning. Although the radio frequency iden-
tification  (RFID)  positioning  method  [9]  provides  high
accuracy, it  is  constrained  by  short  positioning  dis-
tances  and  requires  specialized  equipment.  Ultra-wide-
band (UWB) is a commonly utilized positioning techno-
logy  [10]  that  offers  various  positioning  algorithms
based on UWB ranging [11].  For instance,  pseudo-ran-
dom  codes  are  employed  for  positioning  in  orthogonal
frequency  division  multiplexing  (OFDM)  systems  [12].
Notably, channel  state information (CSI) can be lever-
aged for distance measurement, leading to the proposal
of  CSI-based  Cramer-Rao  lower  bound  (CRLB)  in
UWB  positioning  research.  Theoretical  investigations
on  positioning  performance  in  multipath  environments
are also  conducted.  Additionally,  the  utilization of  fin-
gerprint  characteristics  in  positioning  technology  is  a
prominent area  of  research.  Machine  learning  tech-
niques are  employed  to  exploit  channel  state  informa-
tion  [13],  received  signal  strength  indicator  [14],  and
other  relevant  characteristics  for  accurate  localization.
However, this method requires data collection and net-
work training in advance, which has greater limitations.

Wireless positioning  technologies  are  mainly  di-
vided  into  two  categories:  ranging-based  technologies
that measure  propagation  delay  and  non-ranging  tech-
nologies  that  use  matching  fingerprints,  among  which
ranging-based technologies are the first choice for lower
cost.  Because  of  its  good  anti-multipath  performance,
OFDM technology  can  be  used  to  improve  the  accur-
acy  of  ranging  and  positioning.  In  [15]  and  [16],  the
CRLB based on OFDM was investigated. Reference [15]
focused  on  the  single-path  channel  and found that  the
performance  of  OFDM was  limited  in  that  context.  In
contrast,  reference  [16] explored  ranging  in  the  fre-
quency domain  and  obtained  range  estimates  for  mul-

tipath  channels.  Literature  [17]  proved  that  with  the
same  positioning  accuracy,  non-data-bearing  OFDM
(NDB OFDM) in wireless positioning is more energy-ef-
ficient  than  non-pulse-shaping  pseudo-random  noise
(NPS  PN)  currently  widely  used  in  satellites  and  the
ground. Articles [18], [19] improve positioning accuracy
by  optimizing  network  and  carrier  power  allocation.
But  the  signal  power  to  locate  the  channel  has  higher
requirements. Many positioning algorithms are based on
ranging information,  such  as  the  least  squares  al-
gorithm  [20]  and  the  chan  algorithm  [21].  Wang  [22]
proves the bound of position estimation in 3-D localiza-
tion is closely associated with the bound of range estim-
ation. That  means  the  accuracy  of  distance  measure-
ment guarantees the accuracy of positioning.

Among  the  three  scenarios  of  5G,  except  eMBB
(enhanced  mobile  broadband)  for  human  network,  the
other two scenarios are Internet of things (IoT) scenari-
os: mMTC (massive machine communication) is for low
power  consumption  and  large  capacity,  and  is  widely
used in smart cities; URLLC (ultra-reliable, low-latency
communication)  pursues  high  reliability  and  low
latency, and is mainly used in the industrial field. Tak-
ing into  account factors  such as  cost,  power  efficiency,
and usage  scenarios,  the  majority  of  mMTC  IoT  ter-
minals  are  designed to  be  compact  and do not  include
GNSS chips. Consequently, these terminals rely on posi-
tioning  technologies  provided  by  network  operators.
Therefore, the positioning demands of numerous mMTC
IoT  terminals  will  significantly  expand  the  application
scenarios  for  operators’ 5G location  services.  The  pro-
posed method can effectively leverage the capabilities of
a 5G  communication  system,  offering  improved  per-
formance and enhancing the overall functionality of the
system.

In  wireless  positioning,  the  presence  of  multipath
signals  often  results  in  poor  positioning  accuracy.  To
address  this  issue,  this  paper  proposes  a  multi-carrier
ranging  and  positioning  system  based  on  OFDM.  By
leveraging  the  advantages  of  OFDM,  this  system aims
to mitigate  the  impact  of  multipath  effects  and  en-
hance  positioning  accuracy.  Specifically,  the  proposed
OFDM system integrates  communication  and  position-
ing functionalities,  utilizing  a  triple-frequency position-
ing method to improve accuracy and stability. This ap-
proach achieves high positioning accuracy while minim-
izing the  impact  on  communication  capacity,  thus  ca-
tering to the requirements of positioning applications.

The contributions  of  this  paper  can  be  summar-
ized as follows.

1) Select three subcarriers in an OFDM communic-
ation  system,  and  introduce  the  selection  method  and
the format of the ranging frame carried by the subcar-
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riers.
2)  We  focus  on  OFDM  systems  and  derive  the

bounds for OFDM ranging accuracy in multipath chan-
nels  based  on  Fisher  information  analysis.  Prove  the
EFI  of  multi-frequency  ranging  and  how  it  is  affected
by the channel parameters.

3)  The  simulation  experiments  conducted  in  this
paper  validate  the  results  obtained  through theoretical
derivation. Furthermore,  the  ranging  positioning  per-
formance  is  compared  with  that  of  other  positioning
methods. The study examines how the accuracy of ran-
ging and  positioning  is  affected  by  variations  in  chan-
nel  parameters,  thus  providing  empirical  evidence  and
insights into the impact of these changes on the accur-
acy of the system.

 II. OFDM System
OFDM  technology  is  widely  used  in  4G,  5G  and

other  high-speed  communication  systems.  The  wireless
local area network IEEE 802.11a standard, the wireless
metropolitan area network IEEE 802.16 standard, etc.,
all  adopt  OFDM  as  the  core  technology.  OFDM  is  a
frequency  division  multiplexing  technique  based  on
multi-carrier  modulation.  Multiple  subcarriers  overlap
each  other  orthogonally  in  frequency  to  form  multiple
subchannels, as shown in Fig.1. Through serial-to-paral-
lel  conversion,  the  input  high-rate  data  information
stream is converted into multiple low-rate data informa-
tion streams that are transmitted in parallel, while the
broadband is  converted into multiple  identical  narrow-
bands, and the parallel data streams are transmitted on
narrowband subchannels.  Under  normal  communica-
tion conditions, the signal bandwidth of an OFDM sys-
tem is less than the relevant bandwidth of the channel.
Therefore,  the  fading  of  each  subchannel  is  consistent
with flat fading, so it has good resistance to multipath.
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Fig. 1. OFDM modulation process.

 

1. OFDM modulation and demodulation

N D0 DN−1

f0 fN−1

OFDM  modulation  method  is  shown  in Fig.1,
“Serial  to  parallel  conventor” converts  a  high-speed
data stream into  sets of parallel data blocks – ,
and modulate each data block with subcarriers –

Nrespectively. The modulated subcarrier signals of the 
parallel branches are added to obtain the actual trans-
mitted signal of the OFDM.

N

N

As  shown  in Fig.2, at  the  receiving  end,  the  re-
ceived  signal  enters  parallel  branches  at  the  same
time, and can be restored by multiplying and integrat-
ing  (coherent  demodulation)  with  subcarriers, re-
spectively.  Parallel  data  is  merged  into  serial  data
through “Parallel-to-serial conventor”.
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Fig. 2. Receiver OFDM demodulation process.

 

 2. Channel fading
If  the  channel  has  a  constant  gain  and  the  linear

phase response  bandwidth  is  smaller  than  the  band-
width of the transmitted signal, then this channel char-
acteristic will cause frequency selective fading of the re-
ceived signal.  In  this  case,  the  channel  impulse  re-
sponse  has  a  multipath  delay  spread,  and  its  value  is
greater than the inverse of the transmitted signal wave-
form bandwidth.  At  this  time,  the  received  signal  in-
cludes  the  multipath  wave  of  the  transmitted  signal
waveform  that  has  undergone  attenuation  and  time
delay, so  that  the  received  signal  is  distorted.  Fre-
quency selective fading is caused by the time dispersion
of  the  transmitted  signal  in  the  channel.  This  channel
causes  inter-symbol  interference  (ISI).  Some  frequency
components of  the received signal  in the frequency do-
main have gained greater gain than others.

S(f)

Bc

s(t)

s(t)

r(t)

As  shown  in Fig.3,  for  frequency  selective  fading,
the bandwidth of the transmitted signal spectrum 
is greater than the coherent bandwidth  of the chan-
nel.  It  can  be  seen  from  the  frequency  domain  that
when  different  frequencies  obtain  different  gains,  the
channel will  have  frequency  selection.  When  the  mul-
tipath  delay  approaches  or  exceeds  the  period  of  the
transmitted signal, frequency selective fading will occur.
Since  the  bandwidth  of  the  signal  is  greater  than
the channel impulse response bandwidth, the frequency
selective fading channel is also called a wideband chan-
nel. As time changes, the channel gain and phase of the
signal  within  the  frequency  spectrum also  change,
resulting in time-varying distortion of  the received sig-
nal .
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Fig. 3. Characteristics of frequency selective fading channels.

 

Due to the subcarriers of OFDM system are ortho-
gonal to each other, they are independent of each other
when transmitting in the channel,  and the attenuation
in  the  channel  is  different.  Combining  observation  of
multiple subcarriers  can  improve  the  stability  and  ac-
curacy of  ranging  and  positioning.  Under  normal  com-
munication conditions,  the sub-signal  bandwidth of  or-
thogonal  frequency  division  multiplexing  system  is
smaller  than  the  relevant  bandwidth  of  the  channel,
therefore, the  fading  of  each  sub-channel  can  be  re-
garded  as  consistent  with  flat  fading,  so  it  has  good
multipath resistance.

 III. Proposed Ranging System

f0 f1 f2

N
f0

In OFDM communication system, multiple sub-car-
riers can be provided for communication ranging. Tak-
ing  triple  carriers  as  an  example,  the  OFDM  ranging
method  proposed  in  this  paper  is  as  follows.  It  uses
triple  subcarriers , ,  which  are  specifically  used
for  ranging,  and  the  remaining  subcarriers  are  used  to
transmit  data  just  like  the  communication  system.  As
shown in Fig.4,  suppose  there  are  subcarriers  in  an
OFDM system, and  is the subcarrier with the smal-
lest baseband frequency. The subcarrier frequency is de-
termined  in  advance  during  positioning,  and  the  three
subcarrier data are skipped during parallel-to-serial con-
version at the receiver for ranging alone.

When  an  OFDM  signal  passes  through  a  wireless

multi-path  channel,  frequency  selective  fading  causes
several  groups  of  subcarriers  in  the  OFDM  symbol  to
have larger fading. The large fading in the frequency re-
sponse of  this  channel  will  distort  the information car-
ried on adjacent subcarriers. Therefore, maximizing the
frequency difference when selecting subcarriers for posi-
tioning can  resist  frequency  selective  fading.  In  fre-
quency selective fading, the coherence bandwidth of the
channel  is  smaller  than  the  bandwidth  of  the  signal.
Therefore, different frequency components of the signal
experience uncorrelated fading. At this time, the use of
multiple subcarriers can improve the stability of obser-
vation. When one subcarrier  signal  produces  large fad-
ing, other subcarriers are less affected. Combined obser-
vation can ensure the accuracy of observation results.

Fig.5 shows the structure of the ranging frame. The
“Head” field is one byte long. The “Check sum” field is
one byte long and is used for data validation. The “Pos-
ition  information” field consists  of  the  longitude,  latit-
ude,  and  altitude  of  the  base  station,  each  occupying
eight  bytes,  totaling  24  bytes.  The “Device  ID” is  one
byte,  which  indicates  the  signal  transmitted  by  which
base  station.  The “Subcarrier  ID” is  one  byte  and  is
used  to  indicate  which  subcarrier  signal.  The  ranging
signal  delay  is  used  to  measure  the  distance  between
the receiver and the base station. The three subcarriers
used for  ranging can not only improve the ranging ac-
curacy  but  also  ensure  the  accuracy  of  the  coordinate
data of the ranging base station. Occupying three sub-
carriers at the same time will not cause much impact on
the communication capacity of the original communica-
tion system.
 

Head
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Device ID

1 byte

Subcarrier ID

1 byte

Position information

24 bytes

Check sum

1 byte 
Fig. 5. Ranging data frame.

 
 1. OFDM ranging scheme
The system model in the OFDM ranging scheme is

shown in Fig.6, which refers to the OFDM communica-
tion system  model.  The  ranging  system  is  mainly  di-
vided into two parts: the transmitting terminal and the
receiving terminal.

The  input  high-speed  data  stream  is  decomposed
into  a  plurality  of  low-speed  data  streams.  Each  sub-
data  stream  is  modulated  by  orthogonal  sub-carriers,
and  the  combined  data  stream  is  transmitted  through
the channel. After receiving the signal, the receiver de-
modulates  the  combined  data  stream  with  each  group
of  orthogonal  carriers.  After  parallel-serial  conversion,
the  original  high-speed  data  stream  is  recovered.  The
down-converted  signal  and  the  demodulated  signal  are
used for position estimation.
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Fig. 4. OFDM power spectrum diagram.
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 2. Signal and channel model
The transmission ranging signal of the OFDM sys-

tem is expressed as
 

s0(t) = s(t)g0(t)

=

N−1∑
k=0

Ak cos (2π (fc + fk) t+ ϕk) g0(t) (1)

N fc
fk

fk = (2k −N+1)∆f/2

Ak ϕk

g0(t)

t ∈ [−TCP, T ] T = 1/∆f TCP

∆f

where  is the number of subcarriers,  is the central
frequency,  is the  baseband frequency of  the  th sub-
carrier and can be expressed as ,

 and  are the amplitude and phase of the kth sub-
carrier. The unit rectangular pulse  is non-zero for

 where  and  is the length of
the  cyclic  prefix.  is the  subcarrier  spacing  of  ran-
ging signal.

Due  to  the  reflection  of  signals  from indoor  walls,
there  are  multipath  signals  in  the  environment,  so  the
signal received by the receiver can be written as
 

x(t) ≜ [h(t) ∗ s0(t)] g(t) (2)

h(t) is  the  impulse  response  of  the  multipath  channel
and can be written as
 

h(t) =

L−1∑
l=0

alδ (t− τl) (3)

n(t)

N0/2

al τl

L
τ0

τ0 = R/c R

c

where  is  the  additive  white  Gaussian  noise  with
two-sided spectrum density of , L is the number of
arrival paths,  and  are the amplitude and propaga-
tion delay of  the  pth path,  is  the  number  of  arrival
paths,  is the propagation delay of the first path and
can be expressed as ,  where  is  the distance
between the  transmitter  and the  base  station,  is  the

θ =
[
τT, αT

]T
τ = [τ0, τ1, . . . , τL−1]

T
α =

[α0, α1, . . . , αL−1]
T

speed of light. Therefore, the estimation of the distance
can be converted into the estimation of the delay. The
unknown parameters  to  be estimated can be organized
as ,  where  and 

. The received signal without the cyc-
lic prefix is expressed as
 

r(t) = x(t) + n(t)g(t) (4)

g(t)

[0, T ] r(t)

R(f) = X(f) +N(f) X(f)

x(t)

where  is a unit rectangular pulse which is non-zero
in . The Fourier transform of  can be expressed
as .  Where  is  the  Fourier
transform of  which can be written as
 

X(f) =

N−1∑
k=0

Ak

2

[
H (fc + fk)G (f − fc − fk) ejϕk

+H (−fc − fk)G (f + fc + fk) e−jϕk
]

(5)

r(t)The Fourier transform of  is expressed as
 

R(f) = R (f) = X (f) +N (f)

=
TAk

2

L∑
l=1

αle−j(2πfτl−ϕk) +N(f) (6)

G(f) H(f) N(f)where , ,  and  are the  Fourier  trans-
forms.

 3. Ranging positioning analysis
When  using  our  proposed  positioning  method,  i.e.

four base  stations  to  locate  a  target  point,  the  follow-
ing four situations generally occur.

•  Case  1:  Each  observation  is  within  the  normal
error range, which is in line with the statistical charac-
teristics of the measurement error.

In this case, the four ranging circles may not con-
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Fig. 6. OFDM ranging scheme.
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verge at  one point,  but form a converging area with a
relatively small area. The ideal situation is that the four
circles  meet  at  one  point.  This  situation  only  occurs
when all  positioning  base  station  systems  have  no  er-
rors.

• Case 2: One of the base stations has a large ran-
ging error, and the other base stations have normal ran-
ging errors.

This  situation  usually  occurs  in  an  environment
where a certain signal propagation path is blocked. If in
this case the solution of the anchor point equations dir-
ectly  will  lead to an increase  in the uncertainty of  the
results.  In  order  to  get  better  positioning  results,  the
best  way  is  to  find  the  abnormal  ranging  device  first
and then remove it from the solving equations; the next
best  method  is  to  weight  the  processing  to  reduce  the
impact on the positioning results.

• Case 3: All ranging circles do not form an inter-
section area.

This  situation of  no intersection area is  caused by
the signals of the four ranging devices being blocked. It
does not have a least squares solution. At this time, the
least squares cannot converge, and the correct position-
ing point cannot be found.

• Case 4: Only two base stations have ranging in-
formation.

This  situation  occurs  when  two  base  stations  are
able to perform normal ranging normally, and the oth-
er two base stations are unable to operate normally and
cannot  perform normal  ranging.  In  this  case,  there  are
only  two  ranging  information.  In  three-dimensional
space, only two ranging information cannot be solved. If
approximate positioning points  are required,  additional
constraint information needs to be added.

 IV. Triple-Frequency Combining
Observation Models

As there is a certain correlation between the errors
of the observation values with different frequencies, the
combination observation  values  formed  by  linear  com-
bination of multiple observation values can achieve the
purpose of weakening various errors and improving pos-
itioning accuracy.  Based  on  OFDM  signals  and  mul-
tipath channels, a triple-frequency observation model is
proposed to  improve  the  accuracy  of  receiver  observa-
tion.

ϕS

ϕE

In the process of positioning and ranging, the delay
time of the signal actually corresponds to the change of
the signal carrier phase. As shown in Fig.7, the phase of
the ranging signal when it is emitted from the transmit-
ting end is , and the phase when it is received by the
receiver  is .  The  phase  difference  of  the  signals  can
be expressed as
 

 
ϕS
 

ϕE

φ=ϕE−ϕS

ρ=cτ
 

 
Fig. 7. Carrier ranging process.

 

 

φ = ϕE − ϕS (7)

The  distance  between  receiver  and  transmitter  is
expressed as
 

ρ = cτ = φλ (8)

ρ c τ

λ

where  is the distance,  is the speed of light,  is the
signal  delay,  and  is  the  carrier  wavelength.  For  a  5
GHz carrier wave, one wavelength is 0.06 m, so the am-
biguity of  the receiver  observation will  lead to ranging
errors  of  more  than  one  wavelength.  Therefore,  multi-
subcarrier observation model is used to improve the ac-
curacy of receiver observation.

f0 f1 f2

The frequencies  of  the  ranging  subcarriers  are  de-
termined in advance to be , , and . Reach the re-
ceiver  after  propagating  through  the  wireless  channel.
The observation  of  the  ranging  subcarrier  phase  meas-
ured by the receiver can be expressed as
 

φi =
1

λi
ρ−Ni + εi (9)

i = 1, 2, 3

φi

ρ

Ei
Ni

In equation (9),  represents different carri-
er  frequencies,  represents the  carrier  phase  observa-
tion value,  represents the true value of the geometric
distance from the base station transmitter to the receiv-
er,  and  is the carrier  phase noise of  the correspond-
ing  frequency.  is  the  integer  periodic  ambiguity  of
the observed value.  The observation values of  the OF-
DM subcarrier  phases of  different frequencies  represen-
ted by (10) are linearly combined, and the observation
values of the combined subcarrier phases are expressed
as
 

φijk = iφ1 + jφ2 + kφ3

=

(
i

λ1
+

j

λ2
+

k

λ3

)
ρ

− (iN1 + jN2 + kN3)

+ (iε1 + jε2 + kε3) (10)

φijk

(i, j, k)

Nijk = iN1 + jN2 + kN3 i, j, k

In (10),  is the carrier phase combined observa-
tion  value,  and  is  the  combined  observation
value  coefficient.  In  order  to  ensure  the  whole  cycle
characteristic of  the  combined  ambiguity  of  the  com-
bined  observation  value,  which  can  be  writtened  as

.  are  non-zero  integers,
and
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1

λijk
=

i

λ1
+

j

λ2
+

k

λ3
(11)

The wavelength  of  the  combined  phase  combina-
tion observations is solved as
 

λijk =
λ1λ2λ3

iλ2λ3 + jλ1λ3 + kλ1λ2
(12)

Then equation (10) can be simplified as
 

φijk =
1

λijk
ρ−Nijk + εijk (13)

Nijk

εijk = iε1 + jε2 + kε3

where  is the  ambiguity  of  the  combined  observa-
tions and  is the noise of the com-
bined observations.

Due to the linear combination, the noise amplifica-
tion  factor  of  the  combined  observation  value  will  be
greater than  the  noise  amplification  factor  correspond-
ing to  the  original  carrier  observation  value.  The  for-
mula of the noise amplification factor in units of length
is rewritten into the frequency form:
 

n̄ijk =

√
i2 + j2 + k2

if1 + jf2 + kf3
→ min (14)

(i, j, k)In  the  coefficient  space ,  the  combination
that satisfies the above formula forms a straight line.
   i

j
k

 = t

 fi
fj
fk

 (15)

It can be known from (15) that the noise amplifica-
tion factor in terms of  length is  the smallest  when the
combination coefficient  is  proportional  to  the  subcarri-
er frequency.

Based on (13), we can obtain the distance from the
phase of the signal:
 

ρ = (Nijk + φijk + εijk)λijk = cτ0 (16)

Therefore, in the OFDM ranging system, the com-
bination coefficient is determined according to the pre-
determined subcarrier frequency to ensure that the res-
ult is  affected  by  noise  minimal.  It  is  helpful  to  im-
prove the accuracy of the ambiguity solution. The geo-
metric  distance  between  the  transmitting  end  and  the
receiving end is calculated by combining the phase ob-
servations.

 V. Proposed Positioning Algorithm
Positioning accuracy is closely related to the accur-

acy  of  ranging  information  [23].  Algorithms  that  use
ranging information to calculate the receiver’s three-di-
mensional  coordinates usually require signals  from four

R1 R2 R3 R4

transmitters to  locate.  The  receiver  measures  the  dis-
tance from  the  four  base  stations  and  knows  the  co-
ordinates  of  the  base  stations.  The  coordinates  of  the
receiver are  obtained through geometric  positioning al-
gorithm. Fig.8 illustrates the indoor positioning method.
The receiver measures the distances , , ,  and
the coordinates of the base stations from the four base
stations,  and  obtains  the  coordinates  of  the  receiver
through  a  geometric  positioning  algorithm.  Geometric
positioning methods, such as the least squares method,
are closely related to positioning accuracy.
 

R3

R4

R1 R2

Anchor3
A3 (xa3, ya3, za3)

Anchor0
A0 (xa0, ya0, za0)

Anchor1
A1 (xa1, ya1, za1)

Anchor2
A2 (xa2, ya2, za2)

Receiver
(x, y, z)

 
Fig. 8. Ranging data frame.

 

Since OFDM usually uses antenna arrays, multiple
antennas can be used for positioning in one transmitter,
which  can  reduce  the  number  of  transmitters  required
for  positioning  compared  with  common  methods.  The
positioning algorithm  for  multiple  antennas  and  mul-
tiple base stations is the same, except that the position
coordinates of the antennas are substituted for the posi-
tion  coordinates  of  the  base  stations.  Next  section
proves the positioning accuracy of this system.

 1. Positioning algorithm
The algorithm can be summarized as follows.
1) Determine the subcarrier frequency used for ran-

ging.
2)  The  receiver  broadcasts  the  request  positioning

signal and prepares to receive it.
3) The  receiver  multiple  receives  positioning  sig-

nals from transmitters.
4) Extracting  subcarrier  signals  and  combine  sub-

carrier observations.
5)  Get the distances  between the receiver  and the

transmitters.
6)  Calculate  receiver  coordinates  using  geometric

algorithms mathematical model of base station position-
ing.

A0 (xa0, ya0, za0) A1 (xa1, ya1, za1) A2 (xa2, ya2,

za2) A3 (xa3, ya3, za3)

As  shown  in  the Fig.8, the  four  anchors  are  de-
ployed in advance as base stations, and the position co-
ordinates of  the  four  anchors  are  calibrated  and recor-
ded  as , , 

,  and ,  respectively.  At  a  certain
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k

R1, R2, R3, R4

time , the distances between the receiver and the four
antennas are , respectively.

The base  station  positioning  principle  is  to  meas-
ure the distance between a receiver and 3 or more base
stations, and solve the distance equation to get the pos-
ition coordinates of the measured receiver, which can be
expressed as follows:
 

R (x, y, z) =

√
(x− xa)

2
+ (y − ya)

2
+ (z − za)

2 (17)

(x, y, z)

(xa, ya, za)

R

Among them,  is the receiver coordinate to
be solved,  is the base station coordinate cal-
ibrated  in  advance,  and  is  the  geometric  distance
between the receiver and base stations.

 2. Nonlinear least squares iteration
According  to  the  ranging  information  of  the  four

base  stations,  the  corresponding  ranging  equations  can
be obtained, and the coordinates of the target position-
ing can be obtained by solving the ranging equations. In
this  article,  we  use  nonlinear  least  squares  iteration  to
solve this ranging equations.

β̂ = (x̂, ŷ, ẑ)

β̂

Assuming that  the  estimated value  of  the  receiver
coordinate is , the first-order Taylor expan-
sion of the ranging (17) at  is obtained as
 

R (x, y, z) = R (x̂, ŷ, ẑ) +
∂R

∂x
· (x− x̂) +

∂R

∂y
· (y − ŷ)

+
∂R

∂z
· (z − ẑ) +O

(
β̂
)2

(18)

In order  to  facilitate  expression  and  perform mat-
rix operations, the following equation holds:
 

∆R = R (x, y, z)−R (x̂, ŷ, ẑ) = R− R̂ (19)
 

∆x = x− x̂,∆y = y − ŷ,∆z = z − ẑ (20)
 

r̂ =

√
(x̂− xa)

2
+ (ŷ − ya)

2
+ (ẑ − za)

2 (21)

According  to  (17)–(21)  and the  partial  differential
formula, the following equations can be obtained:
 

∂R

∂x
=

x− x̂

r̂
,
∂R

∂y
=

y − ŷ

r̂
,
∂R

∂z
=

z − ẑ

r̂
(22)

u

To simplify  matrix  calculations,  equation (22)  can
be represented using vector  as follows：
 

u =

[
∂R

∂x
,
∂R

∂y
,
∂R

∂z

]
(23)

mIf there are  sets of ranging information, and the
second order and above errors of (19) are discarded, the
nonlinear  ranging  equation  can  be  linearized  into  the
following equations:

 


∆R1

∆R2

...
∆Rm

 =



∂R1

∂x

∂R1

∂y

∂R1

∂z

∂R2

∂x

∂R2

∂y

∂R2

∂z
...

...
...

∂Rm

∂x

∂Rm

∂y

∂Rm

∂z


·

 ∆x
∆y
∆z

 (24)

Write (24) as a matrix, as follows:
 

∆R = H ·∆β̂ (25)

∆R =


∆R1

∆R2

...
∆Rm

 H =


∂R1

∂x
∂R1

∂y
∂R1

∂z
∂R2

∂x
∂R2

∂y
∂R2

∂z
...

...
...

∂Rm

∂x
∂Rm

∂y
∂Rm

∂z

where, , 

 

∆β̂ =

 ∆x
∆y
∆z

 (26)

Finally, the  least  square  solution  of  (25)  is  ob-
tained as follows:
 

∆β̂ =
(
HT ·H

)−1 ·HT ·∆R (27)

H is the observation matrix, which is a Jacobian mat-
rix. From (18)–(27), the solution process of the nonlin-
ear least squares is given.

The specific solution steps are given below:

β̂ = [0, 0, 0]
T

β̂ = β̂k−1

Step 1. Sets the initial value of the nonlinear least
squares  iteration.  Set  to  or  the  estimated
value at the previous moment, i.e., .

∆RStep 2. Calculate the prior ranging error  by us-
ing (19).

u

H

Step 3. Calculate the cosine vector  and the obser-
vation matrix  of the ranging direction by using (21)
and (22).

∆β̂

Step 4. Use (26) to solve the state estimation error
vector .

β̂ = β̂+∆β̂

Step 5. According to (27), update the current itera-
tion state: .

∥∥∥∆β̂
∥∥∥
2
≤ Th Th = 10−6

Step 6.  Judge  whether  convergence.  The  conver-
gence condition is: , generally .

β̂If  the convergence condition is satisfied, then  at
this  time is  the  state  least  squares  estimation  value  of
the  current  epoch,  and step 7  is  continued.  Otherwise,
return to step 2 and continue the iteration.  A number
of iterations can be set to prevent a dead loop from al-
ways failing to meet the convergence conditions. Gener-
ally, convergence can be achieved in 3–5 iterations.

Step 7. Calculate the estimation error.
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 VI. Analysis of Positioning Accuracy

θ

CRLB can be used to calculate the best estimation
accuracy  that  can  be  obtained  in  unbiased  estimation,
so it  is  often  used  to  calculate  the  best  estimation  ac-
curacy  that  can  be  achieved  by  theory.  The  simplest
form  of  CRLB  is  the  reciprocal  of  Fisher  information.
This section analyzes the ranging accuracy by calculat-
ing CRLB. Based on the signal  and channel  models  in
Section III, the likelihood function of  satisfies the fol-
lowing conditions
 

Λ(R(f);θ)

∝ exp

− 1

Nf

∥∥∥∥∥R(f)− TAk

2

L∑
l=1

αle−j(2πfτl−ϕk)

∥∥∥∥∥
2

(28)

θ =
[
τT, αT

]T
θ

Rf Λ(·;θ)

where ,  is  a  matrix  of  signal  delay  and
signal amplitude. Since the noise components at differ-
ent  samples  in  are  i.i.d.  complex  Gaussian, 
can be expressed as the product of the likelihood func-
tions at different sampled frequencies. According to the
log-likelihood function, the score function is calculated.
Calculate the  second-order  moment  of  the  score  func-
tion. Fisher information can be obtained by
 

Fθ =

[
Fττ Fτa

Faτ Faa

]
(29)

where
 

Fθ = ERf

{
−∂2 lnΛ (Rf;θ)

∂θ∂θT

}
(30)

θ

It  can be  known from the  above  formula  that  the
Fisher information of the positioning parameter is inde-
pendent  of  the  symbol  phase.  The  mean squared  error
(MSE) of  is bounded as
 

ERf

{
(θ̂ − θ)(θ̂ − θ)T

}
⪰ F−1

θ (31)

Fθ can be expressed as the sum of the FIMs for all
subcarriers as follows:
 

Fθ =

N−1∑
k=0

(F (fc + fk) + F (−fc − fk)) (32)

F (f)The FIM at frequency  can be calculated from
(28), (30) shown as
 

F (f) = ERf

{
−∂2 lnΛ(R(f);θ)

∂θ∂θT

}
(33)

F (f)After  some  algebra,  elements  in  can be  ex-
pressed as follows:

 

ERf

{
−∂2 lnΛ(R(f);θ)

∂τi∂τj

}
=

αiαjT

N0
Pk(2πf)

2 cos (2πfτij)

(34)
 

ERf

{
−∂2 lnΛ(R(f);θ)

∂τi∂αj

}
= −αiT

N0
Pk(2πf) sin (2πfτij)

(35)
 

ERf

{
−∂2 lnΛ(R(f);θ)

∂αi∂αj

}
=

T

N0
Pk cos (2πfτij)

(36)

τij = τi − τj 0 ≤ i, j ≤ L− 1 Pk = A2
k

k

τ0 σ2
CRB (τ0)

where ,  and  is  the
power of the th subcarrier. As can be seen from (34),
(35), and (36), FIM is independent of the phase of the
data.  The  CRLB for  the  mean-square  estimation  error
of  is .  Substitute  the  above  formula  into
(33), the CRLB can be written as
 

ERf

[
(τ̂0 − τ0)

2
]
≥ σ2

CRB (τ0) =
[
F−1
θ

]
1,1

(37)

[Fθ]1,1
τ0 fc

Fθ [Fθ]1,1

where  is the equivalent Fisher information (EFI)
of .  Since  is  much  larger  than  the  bandwidth  for
most  OFDM  signals,  we  approximate  the  elements  in

 except for  as follows:
  ∑

Pkω
2
ck cos (ωckτij) ≈ ω2

c

∑
Pk cos (ωckτij) (38)

  ∑
Pkωck sin (ωckτij) ≈ ωc

∑
Pk sin (ωckτij) (39)

  ∑
Pkω

2
ck ≈ 2ω2

cET/T (40)

Due to  multipath  effect,  the  first  path  in  the  re-
ceived signal is affected by the subsequent path, which
leads to the decrease of ranging performance [23]. Since
the second path has the greatest influence on the main
path  signal,  this  paper  mainly  analyzes  the  two-path
channel  in  the  following.  In  the  two-path  channel,  the
approximate value of EFI for ranging based on (38), (39),
and (40) is given by
 

[Fθ]1,1 =
2α2

0T

N0

(
N−1∑
k=0

Pkω
2
ck −

ω2
cT

2ET
h

)
(41)

where
 

h =

(
N−1∑
k=0

Pk cos (ωkτ)

)2

+

(
N−1∑
k=0

Pk sin (ωkτ)

)2

(42)

τ = τ1 − τ0and . The first term of the polynomial in (41)
is  the  EFI  of  ranging  in  the  single  path  channel.  The
second term in (41)  represents  the effect  of  path over-
lap of multipath channels. We will quantify the impact
of  OFDM  channel  parameters  on  EFI  based  on  (42).
Assuming  that  there  is  a  total  energy  constraint,  the
energy  of  the  FFT  part  of  one  OFDM symbol  can  be
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constrained as
  ˆ T

0

s2(t)dt =
T

2

N−1∑
k=0

Pk ≤ ET (43)

ETwhere  is the maximum transmit energy. Based on (41)
and (42), EFI can be rewritten as
 

[Fθ]1,1 =
2α2

0T

N0

[(
2ET

T
− Th

2ET

)
ω2
c

+

N−1∑
k=0

Pk

(
2ωcωk + ω2

k

)]
(44)

[Fθ]1,1 ∝ fc
∆f

Therefore, .  EFI  can  be  rewritten  as  a
function related to M and .
 

[Fθ]1,1 =
2α2

1

N0

[
2ETω

2
c +

ET∆ω2

6

(
4M2 − 1

)
− ETω

2
c

2M2

sin2(M∆ωτ)

sin2(∆ωτ/2)

]
(45)

ωc = 2πfc ωk = 2πfk ∆ω = 2π∆fwhere , ,  and .  Thus,
the  EFI  for  ranging  can  be  increased  by  using  larger
subcarrier  spacing.  According  to  the  definition  of
CRLB, as shown in (45), this shows that the larger the
subcarrier spacing is, the smaller the CRLB will be.

 VII. Simulation Results
In  this  section,  we  analyze  the  influence  of  signal

and channel  parameters  on  OFDM  ranging  and  posi-
tion accuracy. We consider an OFDM system with 121
subcarriers.  The  central  frequency  is  5  GHz  and  the
subcarrier  spacing  is  240  kHz.  One  of  the  parameters
can  be  changed  in  the  experiment.  Four  base  stations
are set on the same horizontal plane at a height of 2 m
with coordinates of (0,0,2) (0,20,2) (20,0,2) (20,20,2). 100
Monte Carlo  experiments  were  carried  out  in  100  ran-
domly  selected  locations  on  the  base  station  plane  to
calculate MSE and RMSE.

As  shown  in Fig.9, the  larger  the  frequency  spa-
cing  used  for  positioning,  the  smaller  the  CRLB,  and
the higher the ranging accuracy. It shows that the pro-
posed method has better performance in multipath en-
vironment.  Therefore,  the  frequency  difference  of  the
three subcarriers should be chosen as large as possible.
Select the 1st, 61st and 121st of 121 subcarriers. At this
time, the subcarrier  spacing is  14.4  MHz,  and the cor-
responding MSE is 0.0029. The results of using the posi-
tioning algorithm are slightly worse than CRLB, but re-
main basically the same.

fc

fc

As shown in Fig.10, the larger the ,  the Smaller
the  CRLB  of  the  ranging  information,  and  the  Fisher
information is proportional to the square of the . The

fcMSE is 0.0096 at 3 GHz and 0.0012 at 6 GHz. The 
becomes larger,  the  ranging accuracy will  perform bet-
ter. Therefore, the proposed method has better perform-
ance in high frequency signals.

N

N

N

As shown in Fig.11, the larger  is, the smaller the
CRLB is, that is, the more accurate the ranging inform-
ation is. In accordance with the previous section, Fish-
er  information  is  proportional  to  the  square  of .
However,  a larger  means that the positioning signal
needs  to  occupy  more  subcarriers.  At  this  time,  the
number  of  subcarriers  occupied  by  the  communication
data becomes smaller, that is, the communication capa-
city  is  reduced.  Therefore,  when  three  subcarriers  are
selected for positioning, MSE is increased by 80%, and
at the same time, it does not occupy too much commu-
nication resources, thus ensuring that the original com-
munication capacity is not affected too much.

As shown in Fig.12, the RMSEs of ML algorithms
of various indoor positioning technologies are compared.
These  technologies  are  based  on  ranging  positioning
methods. When  using  the  same  ML  positioning  al-
gorithm, ranging accuracy is  positively related to posi-
tioning.  Under  the  condition  of  a  high  signal-to-noise
ratio, the positioning accuracy ratio of RFID decreases
rapidly. The  multi-frequency  positioning  accuracy  pro-
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posed in this paper is much better than indoor position-
ing methods such as PN, UWB and RFID.

Fig.13 shows  the  horizontal  dilution  of  precision
(HDOP). Four  base  stations  are  set  on the  same hori-
zontal  plane  at  a  height  of  2  m  with  coordinates  of
(0,0,2)  (0,20,2)  (20,0,2)  (20,20,2).  Where  coordinates
are in meters. The positioning effect in the middle posi-
tion is worse than that in the peripheral position. Since
the receiver has similar angles to the four base stations
at the center point, HDOP is large and the calculation
error is large. Therefore, although OFDM can use mul-
tiple antennas  of  one  base  station  to  locate,  its  accur-
acy is not as good as that of four base stations.
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Fig. 13. HDOP of OFDM position system.

 VIII. Conclusions
This  paper  introduces  a  method  for  multi-fre-

quency ranging using sub-carriers in an OFDM commu-
nication system. The integrated OFDM communication
and  positioning  system  is  first  introduced,  including
ranging  subcarrier  selection  and  ranging  frame  format.
Because the ranging positioning only needs to know the
position coordinates  of  the  base  station,  the  base  sta-
tion  coordinates  of  the  transmitted  signal  are  included
in  the  ranging  frame.  Subsequently,  a  ranging  signal
model transmitted by the base station was established,
and the CRLB of the ranging was proved. Finally, sim-
ulation experiments  prove  that  the  RMSE  of  the  ran-
ging and positioning system has superior accuracy com-
pared with  other  positioning  methods.  Under  experi-
mental conditions, RMSE can reach about 5 cm.
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