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Abstract—The paper proposes a coherent method for represents it (the referent point). The best point
radio-frequency measurement of the effective distance js the one from which the radio wave propagates
between two antennas. A transmitter sends a known girectly outward at the radio frequency which the
wavefprm to areceiver, which processes the received S|gnalantenna will be used for. This point is the antenna
to estimate its delay. The two transceivers are mutually . . . .
synchronized, but different sources of delays/phase shifts phase center. This complicates physical-distance
still remain. A calibration step enables the system to Measurements because the phase center may well
estimate the total delay including the delays in the be inside the body of the antenna (inaccessible
antennas. Differential measurements with three antennas for fine mechanical measurements) and it generally
enable us to estimate the delayS in the antennas, Wh|ChdependS on the frequency as explalned |n [2]’ [3]’
can be used as correction factors in measurements of the[4]_ These papers discuss measurement methods of

effective distance without the nuisance delays. The results th dinat f t 's ph ¢ d th
of experiments performed on a prototype system, built € coordinates of an antennas phase center an €

of off-the-shelf equipment, show the consistency and the COMplications that arise. _
variance of the estimates. This method could be used to We propose a method based on RF (Radio
measure the geometry of a distributed array during its Frequency) transmission and signal processing,
deployment, for the purposes of localization. which estimates the inter-antenna distance. This
Index Terms—Precise antenna positioning; coherent distance naturally corresponds to the phase centers
delay estimation; Universal Software Radio Peripheral; and we call it theeffective distance. Additionally,
calibration; differential measurement this allows us to circumvent the measurement
of phase center positions and the complications
associated with fine mechanical measurements of
_ the distance between them. This represents an
HIS paper proposes a radio-wave-basgtension of the work in [5], which proposed a
method for measuring the distance betwegRethod for effective distance estimation based on
two antennas and provides the results gkoup-delay and provided simulation results for
experimental verification. o different antenna orientations.
~ An approach for precise positioning of antennas The paper [6] presented a method for coherent
in an ultra-wideband (UWB) system for indoor selfmeasurement of the distance between antennas (and
localization was discussed in [1]. It was found thahe clock drift of their front-ends) up to an additive
a major source of localization error were the erroggnstant. We build on this idea by proposing a
in the positions of the system’s antennas. If th@ethod that is also coherent, but is able to measure
distance for each pair of antennas were measukgd apsolute distance, thanks to a special calibration
accurately, the geometry of the distributed antenggp and additional differential measurements that
array could be inferred and used for accurafgiow us to compensate for unwanted delays in the
localization. However, one should carefully considefardware, while having less stringent requirements
which point of an antenna is the one that correcthy the synchronization of the front-ends. We use
. o off-the-shelf equipment, including USRP (Universal
N. V., M. J,, N. B., and M. E. are with the University of Belgrade, . . A
School of Electrical Engineering, Serbia Software Radio Pe”p_heral) devices. _
N. V. and M. J. are also with the Innovation Center of School of Coherent delay estimation, although potentially a
Electrical Engineering, University of Belgrade, Serbia lot more accurate than non-coherent methods, has an
M. E. is also with Vlatacom Institute, Belgrade, Serbia . t biquit bl N v th ti ti
This paper is a result of the research supported by the Serb'meren ambiguily pro em" amely, the es 'm_a lon
Ministry of Education, Science and Technological Development. error is a sum of an integral and fractional
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dac (their shifts are coupled), where, = 27 f; is the

J dJ carrier frequency.
AB »<—B8C Due to the restrictions of the off-the-shelf

o\ A1 B/ C1_® equipment used in the measurements, we have
2

\

\

A, B, C to consider different kinds of sources of error.
A; A coherent algorithm requires the USRPs to be

B, frequency synchronized. However, phase errors

A3l USRP Bs remain due to discrepancies in the lengths of the
Al Tx B, URSXRP paths for the frequency reference (from a common

source) in the two front-ends and the phase-locked
loops (PLLS). There are also delays in the front-ends
Fig. 1. The measurement setup with two USRP devices (Tx and Rig (or from) the referent points in the chassis RF
connectors (445 and B3 B, in Fig. 1), in the signal
cables between these connectors and the antenna
multiple of the carrier wavelength, the integralconnectors (44, and B,B3), and between these
part representing the ambiguity. Even though tland the referent points in the antennas A4 and
fractional error can be very small, application®;B). Points A; and B; are not necessarily the
that rely on accurate total distance measuremeptzase centers of the antennas (in many antennas
require the ambiguity to be resolved. The paper [f}hase centers are not uniquely defined), but are
although for a completely different setup (opticathosen as geometrical reference points of antennas
measurement), also has a method with the sameand B. The algorithm considers that an RF wave
error structure (see Sec. 2.3) and proposesp@pagates in free space between these points.
sophisticated method for resolving the ambiguity. There is also a mismatch between the Tx and Rx
In our paper we use a very coarse (and, therefolegal time axes, denoted by. We wish to estimate
simple) mechanical measurement of distance tlee effective distance between antennbsnd B,
resolve the ambiguity. denoted bydap = d(A;B;). We convert between
The most important application of the proposedelays and effective distances@g; = crap, where
method is measuring the (arbitrary) geometry ofis the free-spacepropagation velocity of an RF
a distributed antenna system, for use in coheremave at the given carrier frequency (by convention).
localization [8], [9], which in turn can be used to A phase drift exists, but its mean value is 0 and
improve the link performance of wireless systemgs variance is negligible because the propagation
[10], by means of distributed beamforming odistances in the experiment are relatively short.
spatial multiplexing, to name a few. There is also the clock driftyck(t), which can
accumulate over time (its mean is not 0) because
of independent clock generators in USRPs, but
it only impacts the signal envelope. There can
One USRP (Tx) transmits a predefined periodilso be frequency-selective attenuation (e.g. due
waveform and another (Rx) receives the signab anti-aliasing filters, coaxial cables, A/D or D/A
which is then processed (see Fig. 1). One period gdnverters...), which we separate into two factors
the waveform is determined by a vector of samplesa delay (phase and time delay) and a waveform
(a sequence), denoted lsy= [sy,s1,...,sy-1] . distortion factor (modeled by an unknown impulse
Sequences is a priori known at the Rx side andresponséh(t)). Accounting for all these effects, we

the processor estimates its delay with respect to g write the model of the received signalf), as
local Rx time axis.

The estimate is coherent, which means that the
information is extracted not only from the signal u(t) =s:(t) +n(t)
envelope, but also from the carrier phase. This relies g (4) —qe iweat) (b 4 5) (t — 7, — 7k (t)), (1)
on the fact that when the delay of a signal in the RF
domain increases by somer, the envelope is time- wherer, is the total constant envelope delay (which
shifted by —Ar and the carrier phase byw.A7r also includes the Tx-axis shift ¢y), wera + @ IS

I[I. PROBLEM FORMULATION
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the total constant phase delagh = s) (-) is the part, " matrix transpose, and conjugate transpose.
convolution of the transmitted signal(f) with Since s(t) is periodic with period N, a regular
the impulse responsé(t) (modeling the effects time shift is the same as a cyclic time shift, thus
in the entire path form the D/A converter in Txwe can computes_,. using DFT (Discrete Fourier
to the A/D converter in RX)ck(t) is a process Transform) as
that slowly varies over timeg is a positive real-
valued amplitude coefficient andt) includes noise, H
multipath propagation and interference. S =F"D_;Fs, ()
Note that we have normalized frequency values F —=1/V'N exp(—j2n/N -knT), (6)
by the sampli_ng frequencyf@ and time values  p__ = exp (jwer) Diag{exp (j27/N - kr)}, (7)
by the sampling intervall/f;, so that we can h
simply write s(t) = s, t € {0,1,...,N —1} (a n=[0,1,....N -1, (8)
convenient way to switch between the analog and k =[—-N/2,-N/2+1,...,N/2 — 1. (9)
the digital domain). This, however, doaset restrict
the argument fo(-) to a set of integers (¢) is
still a continuous waveform. This also implies th
¢ is normalized such that = ¢/ fs and has a unit
[m/sample|, where& = 3 - 10 m/s. If we need to
explicitly write a parameter in physical units, we
will use the symbol™ above it (e.g.f. = 1.2 GHz). WhereU = Fu andS = Fs are computed only once
Since the estimation algorithm (described ! Préprocessing.
Sec. Ill) is robust against the effects aft), we
will omit it. Also, since the algorithm is coherentA. Type-1 Measurement
it perceives the phase delayas a time delay equal
to v/we. S0, by substituting = 7, + ¢/w., we get
a simplified model of the useful signal(t):

F is a modified DFT matrix such th& ! = F", so
£ numerically more efficient form of (4) is

7 = argmaxRe (U"D_.S), (10)

T€[0,N)

In the antenna configurationn Fig. 1, in which
the signal cablesd;A, and B,B; are connected
to the antennas, a basic measurement provides an
si(l) ~ ae M5t — 7 — 7o(1)), (2) estimate
where 7 is the total constant delay (for both the Tant = Tses+ Ta + Tap + 75 + €ant,  (11)
envelope and phase) and(t) = 7ck(t) — ¢/w; is

the excess envelope-only delay (a slowly varyin\ﬁh(?re“ s the de!ay in antennd (from 4 10 41)’
process). 7p In antennaB (i.e. B1B,), Tses IS the combined

effect of the signal cables and front-ends, ang
Ul THEM M is the error.
- 1 HE MEASUREMENTMETHOD The delay 7¢es is preserved within one driver
A basic measurement consists of acquiring session with the USRP devices (if we neglect the

signal segment ofV samples, given by effects of the driftre(¢)), but it takes a new value
- (changes unpredictably) each time a new session
u=[u(0),u(l),...,u(N —1)] (3) starts. Therefore, we can perform another basic

and estimating the delay of the sequersceithin measurement withithe samalriver session, but in

that segment by the GCC-type (Generalized Crod8€ guided configuratior(see Fig. 1), in which the
Correlation) delay-estimation algorithm given in [g]5!9nal cables are connected to each other by a short

connector of effective lengtlh = cr;, (betweenA,
7 — arg max Re (UHS_T) (4) and B,). We get an estimate
T€E[O,N)

' Tg = Tses+ T + €g, 12
wheres_, = €7 [s(),s(r + 1),...,s(7 + N = 1)] 79 = TsesT TL T Cg (12)

is a vector of samples of the wavefors(t) time- whereg, is the error. From (11) and (12) we get
shifted by = (or delayed by—7) including the
coupled carrier phase shifRe denotes the real TAB =T —Ta—Tg+ 71 +¢€, (13)
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whereT = Tyt — 7g, €/ = €4 — cant IS the combined they are deployed. Once deployed, the estimaies
error Note that we can perform multiple basiép, ... can be input into (13) as correction factors,
measurements in each of the two configurations pooviding

get more accurate estimatesaf; and7y, thanks to

averaging. Also, since the drift in(¢) accumulates TAB =T — T4 —Tp+7L. (18)
over time, by making the session shorter, i.e. if we _ ] _
change the configurations (disconnect and reconnecf NS Way we get an estimate of the effective
the cables) more quickly, the negative effect @iectrical distance between and B, dap = cTas,
e(t) is expected to be smaller. Taking multipl®" any other pair of antennas we use to form a
measurements can also be useful as a way distributed antenna array. As a result, the antennas
diagnose this negative effect, especially if they af@" be placed arbitrarily and then the geometry

spread out across the interval of the session, beca@dhe array can beneasured, by multiple type-|
this effect is expected to grow over time. measurements (with appropriate correction factors).

We call the procedure of acquiring one or more
Tant @nd one or morery estimates, all within the C. Integral and fractional errors

same driver session, a type-l measurement. In each of these measurements, the error (such

as ¢’ in (13)) has two components — the first is

B. Type-ll Measurement an integer multiple of the carrier cycla,/ f, for

We can obtainr;, in (13) in a fine measurementdelays, or the carrier wavelength, = ¢/ fc, for
by some external means, but the termsand rz lengths, and the second component is the fractional
remain unsolved. We propose to use antenna [@rt (the remainder, which is usually a few orders
with the referent pointC;, such thatA;, B;, and of magnitude smaller thai):
C, are colinear as in Fig. 1. In that setup, we
would perform a type-I measurement with antennas , ,
A and B and another withB and C. We would €' =m/ fo + Eha, fOr delays
then remove the antenr3, so that it does not block ce’ = mAc + cepy, for distances,  (19)
the propagation fromA to C' and perform a type-I

. for some Z. The presence o). is known
measurement withkl andC'. As a result, we get m < P y

as the (integer wavelength) ambiguity problem and
it is characteristic of coherent delay algorithms
TAB =T| — Ta — T+ TL + €}, (14) [11], [12]. This effect occurs because an RF signal
and its replica delayed by/f. closely resemble
each other. The termr(¢) increases the error,
but mostly its integral part (the ambiguity). Even
Relying onT,45 + T8¢ = Tac, We get an estimatethough the integral part of the error is usually
of 75 as much larger, it is not as important as thg,.
part. For example, the performance of distributed
~ o~ A beamforming is deteriorated mostl and ver
=Tt =M +T-T+7)/2 (A7) e by the gmbiguity. Y Bl )
where ¢” is the combined error. We call this We propose to solve the ambiguity problem
procedure of obtainings a type-Il measurement. by taking a rough estimate of the distanck,s,
Note that7z is independent of the distance®y some external means (mechanical means, laser
between the antennas and the delays in antednagnge finder, or even an RF measurement but at a
andC, for fixed signal-to-noise ratios, as long as thaifferent carrier frequency). That method only has
antennas are in the far-field regions of one anotht®.be accurate enough to correctly resolve(e.g.,
Additionally, a deviation ofB; from the lineA,C; at f. =1 GHz, A\ = 30 cm, an accuracy of a few
influences:” as a second-order infinitesimal, so thisentimeters would suffice).
deviation can be neglected. Finally, the effective lengths/distances of the
Type-ll measurements can be performed for eaghided parts of the system can depend fanso
of the antennas in an RF anechoic chamber befaare should be taken to measure them at different

TBC =Ty — TB — T + T1 + €5, (15)

TAC:%—TA—Tc—}—TL—FEg. (16)
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Fig. 3. Estimated standard deviations of lengths obtained within
different type-Imeasurements.

Fig. 2. The experiment environment.
g P range between 0 to 3). In most cases, was

greater thamg, as expected, and both were less than
_ . 7 mm. The resulting 3 groups of estimates (one for
frequencies and lateuse the correction factors alach antenna pair) had standard deviatindsmm,

the correct frequency. 3.5 mm, and2.9 mm, as shown in Table I. The final
(type-Il) estimate of exp. 1 (the effective length
IV. RESULTS OFMEASUREMENTS of antennaB) was Ly = 54.94 cm, according to

, ) 17). (This was expected because the physical length
We performed experiments with n210 USRRBs BB, was around40 cm, with a roughly 1.5

devices with omnidirectional antennas (connectgthas |ower propagation velocity.) Note that this
by 25 m long coaxial cables) in an outdoor urbag,as 5 two-stage averaging, which made the total

environment in front of the Innovation Center of, mber of basic measurements 120 (antenna) and
th(_a School of Electrical Engineering in BeIgrang (guided) for this single type-Il estimate.
(Fig. 2). Most of the type-I measurements consisted

of 8 and 4 basic measurements in the antenna TABLE |

and guided configuration, respectively. To redUGRrameTers OF EXPERIMENTS AND STANDARD DEVIATIONS().
the bias in the estimates, we did not use an

attenuator to connectl, and B,. Thus, the Rx | EXP- | Type Anzga" No. O‘;meas' "[1"‘5m] g{)gg
signal level was significantly lower in the antenna ; I BC 5 35 0.012
configuration than in the guided one. So, we AC 5 2.9 | 0.0096
used a greater number of measurements (8) in, ’ ;“g 18 ;Z 8832
the antenna configuration to compensate for higher VYol 0 =3 0,026
error variance. We performed multiple different AB 5 9.3 0.034
experiments as a proof-of-concept. 3 I ig j 339 8‘81‘11

In experiment (exp.) 1, we performed a typ BA 7 6 1 0025
Il measurement with antenna$, B, andC ina | 4 I AC 4 2.6__ | 0.0086
line in that order, atf. = 990 MHz. There were 5 BC 4 1.3 | 0.037
type-l measurements for each pair of antennas,(AB>—1 AB 10 °6 | 0018

BC, and AC). Fig. 3 shows standard deviations,

oa and og, of the effective length estimates in To reduce the number of times the cables had to
the antenna and guided configuration, respectivelhe disconnected/reconnected dohalf (less wear-
within each type-I measurement. In this section, wvand-tear of connectors), we started one type-l
concentrate on the std. deviations of the fractionaleasurement in the antenna configuration and ended
part ceq,. from (19) (throughout these experimentst in the guided one, and then reversed the order in
the std. deviations of the ambiguity in (19) were the next measurement. We continued alternating this
grouped around 1 and most of them were in tlerder throughout the campaign. Another advantage
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of this was to partially compensate for the biasf antennas. A prototype was built of off-the-shelf
created bya clock drift growing in one direction equipment. The results of the field tests showed
over the course of a driver session. The expectdek potential of the presented method, as well as
effect of this was an increase #nof type-I estimates the aspects that require improvement in order to
for each pair of antennas and a decrease in the hige it in deploying distributed antenna arrays with
in the final estimate of the pair. subwavelength accuracy. Such a method can have

To test the repeatability of measurement, exp.a2 great impact on future wireless systems as an
was with the same antennas afydas in exp. 1, but enabler for coherent localization.

in different conditions — different weather conditions
(day) and inter-antenna distances. There were 10
type-I measurements for each antenna pair and t Ef
o values of each pair (as well as the ones for th%
rest of the experiments in this section) are given in
Table I. For individual type-br values, see Fig. 3.
The final estimate waé g = 55.08 cm. 2

To test the consistency across the frequencies,
exp. 3 was carried out with the same setup as exp;
2, but atf. = 1.1 GHz (in this experiment only).
Note that the effective lengti®, By (L) was not
expected to be identical at these two frequencid$
(even though the physical one was). The final
estimate wad. z = 56.04 cm.

In exp. 4 the antennas were placed BsA- [
C' (antennaA in the middle), with the goal of
estimating L,4. The final estimate wasL, =
66.68 cm. (6]

Exp. 5 consisted of 10 type-I measurements with
antennasA and B, but with correction factors from
exps. 2 and 4 (using (18)). The aim was to estimate
the effective distance between the referent points of
these antennas (i.e., in the air onlg), 5. According
to a mechanical measurement, the distance was
3.45 m. The resulting individuat values are given [©!
in Fig. 3 and ther value of the final result in Table I.
The final estimate wag,z = 3.32 m.

In future work, one might consider decreasing thig]
difference in the Rx signal levels in the antenn
and guided configuration, in order to reduce the
influence of thermal and quantization noise, bl
without inducing a bias in the delay estimation.
Furthermore, compensation of the remaining bias
in the estimates is also of interest. Additionally,
(dis)connecting cables manually is impractical fqg;
deployments of distributed antenna arrays, Sso
the switching (between configurations) may be
designed so it would be electronically controlled angh,
automatic, thus decreasing the probability of human
error in the experiment.

V. CONCLUSION

In this paper we proposed a method for measuring
electronically the effective distance between a pair
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