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Abstract—Recently, millimeter wave (MMW) systems that oper-
ate at 60 GHz are proposed for the short-range communications
to reduce the interference. Taking advantage of the spectrum
characteristics of MMW bands, the indoor localization system
using the radio interferometric positioning system (RIPS) em-
ploying space-time coding is proposed in this paper. The RIPS is
a promising localization scheme for its low complexity and high
accuracy, and the space-time RIPS (STRIPS) is the enhancement
of the RIPS to work in MMW bands under the flat-fading
channel. Two anchor nodes simultaneously transmit at two time
slots with different frequencies, and the signal is sampled at the
low-sampling frequency at the target node. The STRIPS achieve
the range-difference (RD) estimate without approximation and is
immune to channel fading effects. To accommodate the frequency
offsets, the ESPRIT-based algorithm is adopted. Monte-Carlo
simulation results are presented to confirm the performance of
the STRIPS.

Keywords—Radio interferometric positioning system (RIPS),
localization, time-difference-of-arrival (TDOA), range-difference
(RD), synchronization.

I. INTRODUCTION

For its wide applications such as product tracking in the
warehouse, failure detections of the buildings and location
detection of personnels, indoor localizations have attracted
attentions from industry and academia [1]. However, indoor
environments are likely to have multipath reflections, which
cause the channel fading, and most indoor applications require
submeter accuracy. Moreover, interferences among users in
the spectrum are causing problems not only to the indoor
localization systems but also to the wireless communication
systems in general.

Millimeter wave (MMW) communication systems, which
operates in 60 GHz band, are recently proposed as a solution
to this interference problem and alleviate the traffic in the
spectrum of 300 MHz -3 GHz range [2]-{4]. In the past, this
60 GHz band was considered to be inadequate for wireless
communications due to its high signal attenuation property.
Recently, however, this property has been reconsidered as
an advantage for short-range communication systems since it
allows high frequency reuse in the limited area and is less
likely to cause interference [2]. Furthermore, the coherent
bandwidth of the channel is in the order of MHz as the
multipath components in MMW bands are limited [4]. These

Y. Wang was supported by the NSF of China (No. 61301223) and the NSF
of Shanghai (No. 13ZR1421800).

1184

characteristics also benefit the indoor localization systems, and
the short communication range of MMW signals suffices their
purpose.

MMW-based indoor localization systems are already pro-
posed in [5]-[8]. The power attenuation of the received signal
strength (RSS) is used to estimate the distance in [5], where
the RSS is measured over different distances ranging up to one
meter using various materials as the base, and the attenuation
patterns of the MMW signals are observed. Using the material
that produces the most smooth RSS decay with increase in
the distance, the average accuracy of 3 cm is achieved in
the experiment. Another approach is to use the 60 GHz
OFDM signal, where the differential time-difference-of-arrival
(DTDOA) [6] and round-trip time (RTP) [7] are estimated
to accommodate clock offsets, and the experiment achieved
the accuracy in the range of 10-30 cm. In [8], the impulses
of MMWs are employed to estimate the time-difference-of-
arrival (TDOA), and their experiment in a regular classroom
achieves the accuracy of 15-40 cm. Although these MMW-
based indoor localization systems have shown to achieve high
accuracy, most of these systems only consider the additive
white Gaussian noise (AWGN) channels or assume that the
knowledge of the channel is already available. Furthermore,
they require high sampling rate. To meet these challenges, we
introduce the radio interferometric positioning system (RIPS)
for indoor localizations in MMW bands.

The RIPS [9] is the time-based localization algorithm orig-
inally proposed for wireless-sensor networks (WSNs) that
achieves high accuracy at low complexity. The basic idea
behind the RIPS is to observe the phase of a low-frequency
differential signal component created by two sinusoids at
slightly different frequencies. Outdoor experiments presented
in [9] achieved the average accuracy of 2 cm. For its simplicity
and high performance, various groups have improved the RIPS
and applied to different scenarios. The RIPS in the 2.4 GHz
range using the natural instability in oscillators to create
the frequency difference between transmitters is presented in
[10], [11], and obtains the accuracy of few meters in their
experiments. The RIPS is also extended to mobile nodes by
taking the Doppler shifts into account [12]. Moreover, the
spinning beacons are used to produce Doppler signals in [13]
and achieve the angle-of-arrival (AOA) estimates. The RIPS
employing the linear chirp signals is proposed in [14], [15]
to solve the integer ambiguity issue and to deal with clock
offsets. In [16], transmitters employ frequency hopping and
transmit at multiple frequencies to sound the channels and
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accommodate the multipath environment. Furthermore, the
asynchronous RIPS (ARIPS) is proposed to make use of dual-
tone signaling to obtain TDOA estimates, and it is robust to
the carrier frequency offsets (CFOs) among transmitters. Most
RIPS systems proposed so far have only considered the AWGN
channels, and their range estimators have approximations,
whose size depends on the chosen parameters. Moreoever, the
resolvable range is limited by the size of carrier frequencies
due to the phase wrapping. Therefore, we propose the RIPS for
MMW bands that is robust to the channel fading by employing
the space-time coding.

In this paper, the space-time radio interferometric position-
ing system (STRIPS) is developed. Three nodes participate at
each ranging session, where two anchor nodes (nodes with
known positions) transmit at different frequencies at two time
slots. At the receiver, the range difference (RD) is estimated.
By designing transmitting frequencies to be within the coherent
bandwidth of the channel, the STRIPS can effectively work
with the flat-fading channel. At the receiver, the range infor-
mation is extracted from the low-frequency differential signal
by squaring the received signal. Time synchronization among
two anchor transmitters is required, but no synchronization
requirements are imposed between anchor nodes and the target
receiver, which allows new target nodes to freely enter the
network. The ESPRIT-based frequency estimation algorithms
are proposed to estimate the transmitted frequencies from the
sampled signal to accommodate frequency offsets between
transmitters. The RD estimate is free of approximation errors
unlike the range estimates of the exiting RIPS’s [9], [17],
and the localization can be performed using the available
RD-based localization algorithms [18] [19]. The acquisition
range without the integer ambiguity is determined by the
frequency difference and independent of the size of the carrier
frequency. Therefore, we can obtain the necessary acquisition
range adequate for indoor scenarios despite of high carrier
frequencies.

In summary, our proposed STRIPS has several advantages:
1) the receiver is only required to sample at a low-sampling
rate; 2) the receiver is robust to flat-fading channels; 3) the RD
estimator has no approximation errors; 4) the resolvable range
without the integer ambiguity is independent of the size of
the carrier frequency; 5) frequency offsets in anchor nodes are
accommodated; and 6) no time or frequency synchronization
requirement is imposed on the target node.

The rest of the paper is organized as follows. The transmitter
system model of the STRIPS is introduced in Section II.
The ranging in the STRIPS as well as the ESPRIT-based
frequency estimation algorithm are presented in Section III.
The simulation results are presented in Section IV, and the
paper concludes in Section V.

II. THE SYSTEM MODEL

A radio interferometric positioning system employing two
transmitters and a receiver is illustrated in Fig. 1. Two anchor
nodes transmit sinusoids at different frequencies, and the target
node receives a sum of two transmitted sinusoids. In the
STRIPS, anchor nodes transmit sinusoids at two time slots
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with different frequencies. At the first time slot, nodes A and
B transmit at frequencies f. and f.+ fy, respectively, where f,
is the carrier frequency, f; is the frequency difference between
signals transmitted by two nodes, and f. > f,4. At the second
time slot, node A transmits at f. — f4, and node B transmits at
fe. For brevity, let us denote designed transmitting frequencies
at the mth anchor node at the ith time slot as f, ;; hence, at
the first time slot, fa4 1 = fc+ fq and fp1 = f.. The sequence
of transmitted frequencies is summarized in Table L

[ [[ node A" nodeB |

[timeslot I [[ fo+fa [ fe |
[timeslot2 [[  fo [ fe—fa |

TRANSMITTED FREQUENCIES AT TWO TIME SLOTS

TABLE 1.

Using the bandpass complex representation, the transmitted
signals at the first time slot from the mth anchor node can be
expressed as

sm,l(t) = amej%-(fm’z-“m)(t_tn)a (@)

where a,,, is the complex amplitude of the signal transmitted
by the mth node, €,, is the frequency offset at the mth node
due to the unreliability of the oscillator, and ¢, is the unknown
time instant that anchor nodes start their transmissions. Here,
anchor nodes are assumed to be perfectly synchronized in time.
At the second time slot, the mth anchor node transmits the
signal given as

Sma(t) = amej27f(fm,2+6m)(f*i0*To)’ )

where T is the time interval between two transmissions. We
assume that the frequency offsets at each node are constant
over the ranging session.

In the STRIPS, the frequencies are designed so that fy
to be smaller than the coherent bandwidth of the channel.
Hence, two signals at different frequencies transmitted by a
given anchor node at two time slots experience the same
fading channel [20]. Furthermore, we need to keep the time
required to complete one ranging session to be within the
coherence time of the channel in order to assume that the
fading channel experienced by signals is constant over two
time slots. Denoting the signal length of s,, ;(¢) as 7, the total



time required to complete one ranging session is 7, = Ts+1j.
Thus, we design T and Tp to achieve 7, < T¢, where T is
the channel coherence time.

Fig. 2 illustrates the system model under the flat-fading
channel. Transmitted signals go through the flat-fading chan-
nel and are delayed by a respective propagation delay. The
received signal at the target node is the sum of those two faded
signals plus the additive white Gaussian noise (AWGN).

I
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Fig. 2. An illustration of the system model.

Hence, the received signals at two time slots are expressed
as

327 (fa1+ea)(t—to—24)

ri(t) = haaae
+ hBaBe' (t)7 (3)
rot) = hpapel?mfaztea)t=to= 4 -To)

+ hBaBeJ'?W(fB,1+eB)(t—to—dTB—To) +v(t), (4)

where d,,, is the distance between the mth anchor node and the
target node, ¢ is the speed of light, h,, is the complex-valued
channel coefficient of the channel between the mth node and
the target node, and v;(t) is the AWGN at the ith transmission

with zero mean and variance o2.

I11.

A. Range Estimation

THE RECEIVER DESIGN

At the receiver, the received signal is squared by multiplying
r;(t) with its complex conjugate to obtain the low-frequency
differential signal as illustrated in Fig. 2. At the first time slot,
the squared signal is given as

ri@®)ri(t) = [halPllaal® + ksl llas]?

+ hakgaqal ed2m(fa, 1+€A)(t*t0**>eﬂ27r(f3 1ep)(t—to—“2)

+h/AhBaAaB€ J2m(fa1+ea)(t— fo—*) ed2m(fB1t+en)(t— to—*B)

+ 01(t),

(5)
where (-)* denotes conjugate, and ©;(¢) includes all the
cross terms with vq(t). The first two terms in (5) are DC
terms. Removing these DC terms from (5), the low-frequency
differential signal is obtained as

F1(l) = aed?m i+t g=i2nfa 3
(6)

1 are—dzm(fatotgi2nfa®A | (%),

where € = €4 — €B and « =
hahaaage” 72 £ AR, - om(ea(tot )= 1o+ 42)) g—s2n ato
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with dap = da — dp, which is the RD that we want to
estimate. Likewise, at the second time slot, we obtain

Fa(t) = aei2rUitte=i2nfa E o=i2n(fat)To
O

1 ate—irm(fatortgimfatE j2m(fate)To + s (t),
where 05(t) contains all the cross terms multiplied with vo(t).
Notice that « is the unknown complex value that is contant
over two time slots.

After squaring 7;(t), both (6) and (7) only have low fre-
quency components at +(fq + €). Sampling both 7 (¢) and
7o(t) at the rate f; > 2f, and collecting N samples at each
time slot, the column vector r is formed as

F=Sx+v, 3

where ¥ = [f¥ £1]T with ¥; and v denote sampled vectors
of 7;(t) and ;(t), respectively, x = [OA7 0%, 0, 93] with
da

04 = aei2TIaE and O = ae—i2Ia E =i2n(a+To | ang

_ | So  Onx2
5= { Onx2  So } ’ ©)

with Sy = [sn(fd +¢, fe) SN(fd+6 fs)] and sy (f, fs) =
1, ei2mf/1s J27Tf(
Representing the ith element of x as [x];, notice that
* * —j2m € 727 fq dap

(3 + )b+ b) = e ortiesemeinrette,
Here, T} is assumed to be known at the receiver. As seen in
(10), the unknown complex term o appears as ||«||2, which no
longer impacts the estimation of the phase.

If the accurate S is known, x can be estimated by a least-
squares (LS) estimator as

% = Stg, (1)

where ()T denotes the pseudo-inverse. From (10), the RD
estimator is given by

dap = g AT ()] 4 [K2) (K + R]D)} (12)

B. Frequency Estimation

When ¢4 = e, ¢ = 0 and S can be accurately calculated.
However, in the case where €4 # €p, the receiver has to
estimate the frequency from the sampled signal to construct
the accurate S. In this paper, the ESPRIT-based method is
employed for frequency estimation since it finds a closed-form
solution [21], [22].

For this discussion, let us ignore the noise term for sim-
plicity. A sum of sampled received signals at two time slots
I =T + Iy is modeled as

Fn] = ded2nUate)/fon | g g=i2m(fa+e)/ fon.

13)
where & = (e i2mfa 4 e_jQ”fd'*feﬂ”f”eTf’). Now,

rearrange I into a matrix R(pxn_r41) as

R = [[flir-1, [Flor, - [FIN-L:N-1] (14)

where L is a parameter chosen between N/3 and N/2.



Notice that R has a shift-invariant property. Hence, we
define the following matrices:

Ri=[I;,_10,4]R, Ro=[0,—1 I, 4]JR. (15

In other words, Ry and R contain the first and the last L — 1
rows of R, respectively. It has been shown that the general
eigenvalues of the matrix pair {Rq, Ry} are given by A\; =
ei2n(fate)/fs and Ny = e=927(fa+e)/fs "Therefore, obtaining
the eigenvalues of RIRg, we can estimate € by

I
2w

Once we estimate €, we can use it to construct S and further
estimate the RD using the estimator given in (12).

Z(A1+A3) — fa. (16)

€=

IV. SIMULATION RESULTS

In this section, the performance of the STRIPS is evaluated
and compared with the RIPS [9] through Monte-Carlo simu-
lations. Five anchor nodes placed at corners and the center of
the 10 x 10 meters square and the target node randomly placed
within the square at each Monte-Carlo run, and 2000 iterations
are performed. For the STRIPS, we choose f. = 60 GHz,
fa =10 MHz, fy = 59.9 GHz, the signal length of 75 = 3 us,
fs = 46 MHz, and Ty = T;. The resolvable RD without the
integer ambiguity is given as [—i, i}, thus, fq = 10 MHz
allows the RD estimations up fo +15 meters without the
integer ambiguity. Hence, each ranging session takes 6 us,
which is less than the typical coherence time in MMW bands.
The CFO is randomly generated from [—60 kHz, 60 kHz].

For the RIPS, we let the carrier frequency to be fy; therefore,
the resolvable range without the integer ambiguity for the RIPS
is the same as that of the STRIPS. The frequency difference
at two transmitteres is 6 = 1kHz, and the same number of
samples as the STRIPS is obtained at the rate 46 = 4 kHz.
The CFO is randomly generated [—100 Hz, 100 Hz]. When
the Q-range involves three anchor nodes, the Q-range can
be converted to the RD between two transmitters and the
receiver target node [23]. Hence, we employed the RD-based
localization in [18] for both the RIPS and the STRIPS to
estimate the position of the target node. The transmitting power
at two transmitter nodes is fixed to be 1, and the signal-to-noise
ratio (SNR) is defined as 1/02.

First, we consider the case where there is only the AWGN
and no fading. The root-mean-square error (RMSE) of the
location estimates vs. SNR for the STRIPS and the RIPS is
shown in Fig. 3. When there is no CFO, the STRIPS and the
RIPS achieve similar performance. Despite of the large CFO,
the STRIPS effectively accommodates CFOs and can achieve
a submeter accuracy at SNR > 15 dB.

Second, let us consider the case with the fading. Since
MMW signals have strong attenuation, the existance of line-
of-sight (LOS) between the anchors and the target node is
assumed. Therefore, the channel is assumed to be Rician
distributed, as the measurements in a home and an office
environments in the 60 GHz band are shown to have high
Rician factor K in the range of 8 ~ 11 dB [24]. In the
simulation, we use K = 10 dB, and the channel coefficients
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Fig. 3. The RMSE of the location estimate vs. SNR under the AWGN
channel.

are randomly generated at each iteration. The RMSE of the
location estimates under fading for the RIPS and the STRIPS
is shown in Fig. 4. While the RIPS fails to work under the
fading scenario, the STRIPS is robust to the fading.

_|[—=—STRIPS
10°H & STRIPS: cfo

RMSE of the location estimate (m)

—e—RIPS
O RIPS: cfo
10-4 T T i i i
0 10 20 30 40 50 60
SNR (dB)
Fig. 4. The RMSE of the location estimate vs. SNR under the flat-fading
channel.

V. CONCLUSIONS

In this paper, we developed the space-time radio inter-
ferometric positioning system (STRIPS) in millimeter wave
(MMW) bands for indoor localizations. The STRIPS transmits
sinusoids with different frequencies at two time slots, and
the range-difference (RD) estimates can be achieved from the
phase of the low-frequency differential signal. The frequency
estimation method is proposed to accommodate frequency
offsets due to unreliable oscillators. Despite of the operation
in the extremely high frequencies, the parameters in the



STRIPS can be designed to obtain the resolvable range without
the integer ambiguity that covers typical indoor localization
scenarios. Monte-Carlo simulations confirm the efficiency of
the STRIPS.
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