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Abstract—The wireless channel of backscatter radio systems
is a two-way pinhole channel, created by the concatenation of
two standard wireless channels. Pinhole channels cause higher
attenuation and deeper fades than common wireless channels.

Passive ultra-high frequency radio-frequency identification
(UHF RFID) is such a backscatter radio system, with the
backscattering tag acting as pinhole. While the effects of this
type of channel are well-known in terms of fading statistics,
the impact of the pinhole channel on wideband parameters is
unknown.

We present a method to calculate wideband backscatter chan-
nel parameters from the parameters of the constituent channels
to and from the pinhole, with a focus on characteristics that are
vital for narrowband and wideband ranging. The approximations
are verified by simulations and by measurements in a UHF RFID
warehouse portal.

I. INTRODUCTION

Pinhole channels are created by the concatenation of the

channel from the transmitter to the pinhole and the channel

from the pinhole to the receiver. In (semi-)passive ultra-high

frequency radio-frequency identification (UHF RFID), a prime

example for backscatter radio systems, the pinhole is formed

by the backscattering tag, as illustrated in Fig. 1. The overall

backscatter channel between transmitter (TX) and receiver

(RX) at the reader is composed of the two individual channels

to and from the tag. Both constituent channels are multipath

radio channels. Pinhole (a.k.a. keyhole, dyadic, double-fading,

or relay) channels are quite well-understood in terms of

fading statistics for narrowband signals [1]–[4] and channel

capacity for multi-input multi-output (MIMO) systems [5]–[7].

Even though channel capacity and fading statistics are fully

sufficient to analyze the performance of communications, they

are insufficient for the analysis of narrowband and wideband

indoor localization systems (with the exception of receive-

power based methods). We will thus concentrate on a more

general description of the channel, the power-delay-profile

(PDP), which is essentially the squared magnitude of the

channel impulse response (CIR). The authors of [8] present

an expression for the PDP of pinhole channels, but limited to

orthogonal constituent channels. Moreover, no further param-

eterization of the pinhole-PDP is provided.

We present a closed-form expression for the PDP of typ-

ical indoor backscatter channels based on the PDPs of the

constituent (point-to-point) channels, both for correlated and

for uncorrelated point-to-point channels. We also present ap-

proximations for common wideband channel parameters, such
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Fig. 1. Illustration of the pinhole effect in (semi)passive UHF RFID systems.
In reality, each channel is composed of up to thousands of relevant paths.

as K-factor and root-mean-square (RMS) delay spread. These

approximations are valid for exponential and non-exponential

PDPs in line-of-sight (LOS) and non-line-of-sight (NLOS)

scenarios, correlated and uncorrelated constituent channels,

and also for predominantly deterministic channels, as shown

below.

The paper is organized as follows: Section II introduces

the notation, defines the channel (model) parameters, and

discusses their influence on ranging. The following Section III

contains closed-form expressions for the channel parameters

of the backscatter channel based on the point-to-point channel

parameters. These expressions are verified in Section IV using

simulated and measured indoor wireless channels.

II. BASICS AND BACKGROUND INFORMATION

A. Wireless Channels

Like any linear system, wireless channels can be represented

by their impulse response, the CIR. Wireless CIRs are typically

modeled in a random fashion in order to account for the

typically unknown and time-variant environment. Similar to

the power spectral density for random signals, the power

delay profile (PDP) is used to describe the frequency-selective

random channel. The PDP (a.k.a. delay power spectrum

or multipath intensity profile) is essentially defined as the

autocorrelation function of the CIR, and can be estimated

by averaging squared CIRs (averaged power delay profile,

APDP). More details along with necessary requirements and

limitations can for example be found in [9], [10] or textbooks

such as [7], [11].

The first arriving component of a wireless CIR corresponds

to the direct (line-of-sight, LOS) path and all following com-

ponents to indirect (reflected, non-line-of-sight, NLOS) paths.



In Fig. 1 the CIR of the channel from the transmitter (TX)

to the tag, for example, is denoted by g(τ), where τ is the

propagation delay. For notational simplicity, we will assume

that the LOS component is at a delay of τLOS = 0 for all

channels. This has no influence on the results in this paper, as

all analyzed channel parameters are shift-invariant1. Also note

that all CIRs are zero for τ < τLOS and thus τ < 0, because
the LOS is per definition the first nonzero component.

From the PDP, denoted by S(τ) below, we can calculate

several measures that characterize the wireless channel. The

power ratio of the direct path to all indirect paths is of vital

importance for localization, as it quantifies the influence of the

direct path on the CIR. This ratio is provided by the K-factor

w.r.t. the LOS path,

KLOS =
PLOS

PNLOS

=
PLOS

∫

∞

0
S(τ)dτ − PLOS

, (1)

where PLOS and PNLOS are line-of-sight and non-line-of-sight

power, respectively. Note that this is not necessarily identical

to the definition of the Ricean K-factor, which uses the

strongest path instead of the direct path. A second measure

relevant for localization is the root-mean-square (RMS) delay

spread,

τRMS =

√

√

√

√

∫

∞

0
τ2S(τ)dτ

∫

∞

0
S(τ)dτ

−

(

∫

∞

0
τS(τ)dτ

∫

∞

0
S(τ)dτ

)2

, (2)

which specifies the decay of the CIR over delay.

Although these channel parameters are defined based on

the PDP (a fully deterministic function), they can also be

calculated from each individual squared CIR, which is often

called “instantaneous PDP”. Note though, that the squared

CIR is a random process, hence all parameters derived from

instantaneous PDPs are random variables.

B. Effects of Multipath Propagation on Ranging Errors

The impact of multipath propagation on RF-based rang-

ing (i.e., distance estimation) systems depends on the signal

bandwidth and the properties of the channel. Limiting the

bandwith leads to a smoothed CIR due to the uncertainty

relation between time- and frequency-domain representations.

For narrowband systems, the entire CIR collapses to a single

complex gain factor. If the direct path is dominant in the CIR,

i.e., the instantaneous KLOS is large, the direct path is also

dominant in the complex gain factor, and narrowband ranging

will give accurate results. For low KLOS, the gain factor is

mainly determined by indirect and thus purely random paths.

As a direct consequence, narrowband distance estimates will

have a high standard deviation. Moreover, depending on τRMS

and the shape of the PDP, the dominant NLOS results in a

bias of the gain factor towards indirect paths, and thus also in

a biased distance estimate. Similar considerations apply to all

1The K-factor is a simple power ratio and does thus not depend on the delay
axis at all. The RMS delay spread is a central moment, hence the average
time shift is irrelevant.
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Fig. 2. Combination of individual channels reader→tag (downlink) and
tag→reader (uplink) to the backscatter channel reader→tag→reader.

systems that are unable to isolate the LOS component. The

PDP, along with shape parameters such as KLOS and τRMS,

can be used to calculate the expected distance errors of such

ranging systems (bias and std. deviation). However, if the LOS

component is correctly identified and extracted, the shape of

the PDP looses its influence on the ranging error. This usually

requires a large signal bandwidth, though.

Passive UHF RFID is one of the most challenging scenarios

for backscatter-based localization. The system is typically

used indoors and in industrial or industrial-like environments

[12]–[14], with massive reflections close to the backscattering

tag. These features, along with the pinhole properties of the

channel, create a severe multipath environment, where the

direct path is rarely dominant and very large bandwidths are

required to properly resolve the closely spaced components

[12], [13]. Conventional wideband approaches such as multi-

carrier or frequency-modulated continuous-wave radar (e.g.,

[15], [16]) suffer from biased and high-variance estimates in

such environments [12], [17]. Ultra-wideband methods such

as [18] are able to correctly identify the LOS path, but suffer

from the massive channel attenuation due to the backscatter

nature and the low signal-to-self-interference ratios, cf. [12].

C. Pinhole and Backscatter Wireless Channels

As mentioned in the introduction and illustrated in Figs. 1

and 2, the backscatter channel is the concatenation of two

wireless channels and as such always a pinhole channel. In

the terminology of RFID, the channel from the reader to the

tag is called “downlink channel”, while the channel from the

tag to the reader is called “uplink channel”, cf. [19]. Up- and

downlink channel are identical for monostatic setups, where

the reader uses only one antenna for simultaneous transmission

and reception. For bistatic reader setups, on the other hand,

they can be (almost) independent, since TX- and RX-antenna

are spatially distinct, cf. [20].

The individual channels to and from the pinhole, represented

by their respective CIRs g(τ) and h(τ), each have their own set
of channel parameters (KLOS, τRMS, ...). It is straightforward

to see from Fig. 2 that the backscatter CIR f(τ) can be cal-

culated by the convolution of g(τ) and h(τ). The connection

between the channel parameters of the backscatter channel

and their counterparts of the individual channels, on the other

hand, is less obvious. Apart from the mathematical point of



view, which can be found below, we can make some basic

observations regarding the backscatter channel. For this, we

refer to a channel with low KLOS and high τRMS as a “bad”

channel, while a channel with high KLOS and/or low τRMS is

“better” in comparison, i.e., a “good” channel.

• The combined channel is always worse than both individ-

ual channels. This follows directly from the convolution,

which results in a longer channel impulse response and

dispersed peaks (also affecting the LOS peak).

• Correlation between up- and downlink channel has an

adverse effect on the backscatter channel, because coher-

ent combining of the random NLOS-parts increases the

NLOS energy2.

• The statistics of the worse channel dominate the statistics

of the backscatter channel. Hence in bistatic setups, both

reader antennas need to have a clear line-of-sight to the

tag in order to obtain a good backscatter channel. Also

this fact can be inferred from the convolution operation:

The convolution of an ideal CIR w.r.t. ranging (a dirac)

with any dispersive CIR, for example, results in the

dispersive (i.e, bad) one for the overall channel.

III. APPROXIMATION FORMULAS

A. Power-Delay-Profile

It has been shown in [8] that the PDP of a pinhole

channel can be obtained by a convolution of the PDPs of

up- and downlink channel, provided that these channels are

uncorrelated.

By separating the power-delay-profiles of the channels to

and from the tag, Sg(τ) and Sh(τ), into LOS and NLOS parts

Sg(τ) = Sg,LOS · δ(τ) + Sg,NLOS(τ) · σ(τ) (3)

Sh(τ) = Sh,LOS · δ(τ) + Sh,NLOS(τ) · σ(τ) (4)

the convolution of the PDPs can be written as

Sf,uncorr(τ) = Sg(τ) ∗ Sh(τ) = Sg,LOS · Sh,LOS · δ(τ)

+ σ(τ) · [Sg,LOS · Sh,NLOS(τ) + Sh,LOS · Sg,NLOS(τ)

+ Sg,NLOS(τ) ∗ Sh,NLOS(τ)].

(5)

where ∗ denotes the convolution, δ(τ) is the Dirac delta, and

σ(τ) is the step function

σ(τ) =

{

1 τ > 0

0 otherwise
. (6)

Sf,uncorr(τ) is the backscatter PDP for uncorrelated constituent

channels, cf. [8], [21]. Splitting this PDP into LOS and NLOS

parts, we obtain

Sf,LOS = Sg,LOS · Sh,LOS (7)

and

Sf,NLOS,uncorr(τ) = Sg,LOS · Sh,NLOS(τ) + Sh,LOS · Sg,NLOS(τ)

+ Sg,NLOS(τ) ∗ Sh,NLOS(τ).
(8)

2An effect that can also be seen for the variance of two additive random
variables.

Coherent combining of the stochastic NLOS part in case of

fully correlated up- and downlink channels doubles the NLOS

power without changing the shape of the NLOS part [21],

hence

Sf,NLOS,corr(τ) = 2 · Sf,NLOS,uncorr(τ). (9)

Full correlation between the constituent channels also implies

that their K-factors and RMS delay spreads are identical [21],

i.e., τRMS,g = τRMS,h and KLOS,g = KLOS,h.

Passive UHF RFID is typically used indoors, where the rich

scattering leads to exponential PDPs (e.g., [22], [23]). For the

following derivations we thus assume exponential short-range

indoor PDPs for the two individual channels g and h,

Sg(τ) =















0 τ < 0

ρ2

g τ = 0

Πge
−γgτ τ > 0

and (10)

Sh(τ) =















0 τ < 0

ρ2

h τ = 0

Πhe
−γhτ τ > 0

, (11)

where ρ2

g and ρ2

h are the LOS power levels of channels g and

h, respectively, Πg and Πh are the NLOS power densities, and

γg and γh are the decay constants of the channels, cf. [24].

Using these definitions, we calculate the closed-form PDP of

short-range indoor backscatter channels. The LOS component

of this PDP is

Sf,LOS = ρ2

gρ
2

h, (12)

and the NLOS part for uncorrelated channels is

Sf,NLOS,uncorr(τ) = ρ2

gΠhe
−γhτ + ρ2

hΠge
−γgτ

+
ΠgΠh

γg − γh

(

e−γhτ − e−γgτ
)

.
(13)

The NLOS-part is multiplied by a factor of two for correlated

constituent channels, see (9).

From this we will calculate K-factor and the RMS delay

spread of the combined backscatter channel. Formulas linking

ρ, Π, and γ with KLOS and τRMS for the exponential PDPs are

readily provided by [24],

Π =
P0

KLOS + 1
γ, (14)

γ =
1

τRMS

√
2KLOS + 1

KLOS + 1
, (15)

ρ2 = P0

KLOS

KLOS + 1
, (16)

where the overall power PLOS + PNLOS is denoted by P0.

B. K-Factor w.r.t. the Line-of-Sight Component

The K-factor can be directly calculated from (1) by inserting

(12) and (13). Substituting (14)–(16) then leads to

KLOS,f =
Sf,LOS

∫

∞

0
Sf,NLOS(τ) dτ

=
(

1 −
αK

2

)

·
KLOS,g · KLOS,h

1 + KLOS,g + KLOS,h

.

(17)



where the parameter 0 ≤ αK ≤ 1 represents correlation be-

tween the channels g and h. Due to the doubling of the NLOS

energy for correlated up- and downlink, cf. (9), we obtain

αK =

{

0 g(τ) and h(τ) uncorr.

1 g(τ) and h(τ) fully corr.
. (18)

C. RMS Delay Spread

The RMS delay spread is calculated from the backscatter

PDP via

τRMS,f =

√

∫

∞

0
τ2Sf,NLOS(τ)dτ

Sf,LOS +
∫

∞

0
Sf,NLOS(τ)dτ

− τ2

AVG,f , (19)

cf. (2), where

τAVG,f =

∫

∞

0
τSf,NLOS(τ)dτ

Sf,LOS +
∫

∞

0
Sf,NLOS(τ)dτ

(20)

is the average delay. By solving these equations for (12)

and (13) we obtain the RMS delay spread for uncorrelated

channels,

τRMS,f,uncorr. =
√

τ2

RMS,g + τ2

RMS,h, (21)

with (14)–(16). The same result can also be reached by using

a similarity to statistics: Just like the PDPs of uncorrelated

constituent channels the density functions of two added un-

correlated random variables are convolved and the variances

add up. From this observation is it straightforward to see that

(21) holds for arbitrary types of PDPs.

For correlated channels though, things are more compli-

cated. Looking at the structure of (19) and (20), the doubling

of NLOS-power for correlated channels, cf. (9), will lead to

an imbalance in the denominators. As a consequence, the ratio

between LOS- and NLOS-power—and thus KLOS—has an

influence on the result. Following the same derivation as for

(21) with doubled NLOS-power we obtain

τRMS,f,corr. =

√

2
∫

∞

0
τ2Sf,NLOS(τ)dτ

Sf,LOS + 2
∫

∞

0
Sf,NLOS(τ)dτ

− ...

= τRMS,g

√
2 + 2ατ

(22)

for fully correlated channels and with τRMS,g = τRMS,h (full

correlation). The parameter ατ here represents the correlation

and is also obtained from the above calculations,

ατ =
K2

LOS,g ·
(

K2

LOS,g · (2KLOS,g + 5) − 2
)

(1 + 2KLOS,g) · (KLOS,g · (KLOS,g + 4) + 2)
2

≈
KLOS,g

10 + KLOS,g

(23)

with KLOS,g = KLOS,h due to the full correlation.

While it can again be shown that (22) holds for arbitrary

PDPs [21], (23) is derived specifically for exponential ones.

However, the PDPs of all wireless channels have a similar

shape due to the fact that they decay for increasing delay.

Hence (23) is a suitable approximation even for channels with

non-exponential PDPs, as can be seen from the measurement
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Fig. 3. Approximation of the backscatter K-factor w.r.t. LOS for simulated
exponential power-delay-profiles. Estimates are based on averaged PDPs.

results in Section IV-B. Finally, ατ vanishes for low K-factors,

hence correlation between the constituent channels can be

ignored if the NLOS component is dominant on the backscatter

link, and the result again becomes independent of the type of

PDP.

IV. VALIDATION BASED ON SIMULATIONS AND

MEASUREMENTS

The above approximations are tested with simulated and

measured channel impulse responses in this section. To this

end, we compare the approximations based on parameters es-

timated from the PDPs of the constituent channels, Sg(τ) and

Sh(τ), to parameters directly estimated from the backscatter

PDP (channel f ). Both estimates match in the ideal case,

resulting in a 45 ° line in the plots.

The simulated channels with known expected values for

all parameters are used to verify the estimates in controlled

environments, while the validation with measured channel

impulse responses ensures robustness in realistic propagation

environments. The measurements cover exponential and non-

exponential PDPs, LOS and NLOS scenarios, as well as

channels where the LOS component is massively influenced

by spatially close reflections.

A. Simulated Exponential Power-Delay-Profiles

The simulated random CIRs have been generated by the

smallscale model of the PARIS framework [25], [26], which

implements a sampled version of the exponential PDP in [24]

and is thus fully defined by KLOS and τRMS. K-factor and RMS

delay spread in the simulations were swept from -20 to 20 dB
and from 3 through 50 ns, respectively, for the average PDP

of both constituent channels. This should cover most typical

indoor scenarios, cf. [12], [13], [27], [28]. An ensemble of

100 instantaneous PDPs is averaged for each combination of

KLOS,g, KLOS,h, τRMS,g , and τRMS,h. Some residual “noise” can

thus be expected in the estimates.
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Fig. 4. Approximation of the backscatter RMS delay spread for simulated
exponential power-delay-profiles. Estimates are based on averaged PDPs.

The results of this Monte-Carlo-simulation are shown in

Fig. 3 for the K-Factor and Fig. 4 for the RMS delay

spread. The K-factor calculated from the constituent channel

parameters using (17) matches the K-factor of the combined

pinhole channel throughout the simulated range, both for the

monostatic (fully correlated) and the bistatic (uncorrelated)

setup. The RMS delay spreads for the bistatic setup and the

exact monostatic approximation according to (22) and (23)

show a perfect match, too. Using the simplified formula for ατ

leads to a nonperfect but nontheless quite good approximation

of the RMS delay spread for the monostatic case. If correlation

is completely ignored though (ατ = 0), the approximation is

increasingly off for KLOS,g = KLOS,h > − 3 dB.

B. Measured Power-Delay-Profiles

The used measurements were taken in a UHF RFID ware-

house portal with metal backplanes, in an industrial environ-

ment, and with directive reader antennas, see [12], [13]. The

tag-antennas were mounted on a pallet containing liquids and

metal. This creates an intense and very variable multipath en-

vironment with strong deterministic reflections. A photograph

of this setup can be found in Fig. 5; details are presented in

[12] and [13].

The channels inside the portal have a multipath decay

according to a power-law, while the channels outside the

portal feature an exponential decay [12]. The direct path

between transmitter, tag, and receiver (backscatter channel) is

blocked by the pallet for 43% of the measured channels. The

measurements thus not only cover “typical” exponential PDPs

and LOS scenarios, but also differently shaped delay-profiles

and NLOS scenarios. Mounting the tag-antennas directly on

the pallet also causes indirect (NLOS) paths to be part of the

LOS component due to the necessarily limited measurement

bandwidth. Moreover, multiple deterministic reflections inside

the gate cause correlation within the CIRs of up- and downlink.

This violates one of the basic assumptions underlying the

theory behind the approximation formulas given in this paper,

Fig. 5. Photograph of the warehouse gate with metal backplanes (directly be-
hind the transmitter/receiver arrays) and the pallet with packed liquids/metals.
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Fig. 6. Approximation of the backscatter K-factor w.r.t. LOS for mea-
sured power-delay-profiles (UHF RFID warehouse portal, metal portal, liq-
uids/metal pallet). Estimates are based on individual (instantaneous) power-
delay-profiles; averages are shown for comparison.

cf. [21]. The portal scenario is thus not only a challenging

example for backscatter-based localization, but also for the

approximation methods presented in this paper.

The results for the measured channels can be found in

Figs. 6 and 7, respectively. Note that the noise level in these

estimates is considerably higher than for the simulations in

Figs. 3 and 4. This is because the simulated PDPs are averaged

before estimating KLOS,f and τRMS,f , while the measured pa-

rameters are calculated from individual (instantaneous) PDPs

in order to show that the above equations can also be used as

estimators for instantaneous PDPs. Averages are shown in the

plots for comparison.

The backscatter channel parameters can obviously be pre-

dicted quite well from the individual ones. This includes the

area inside the portal, where the PDP follows a power-law,

and the area outside the portal, which features an exponential

PDP, cf. [12]. The slight bias in KLOS,f for the monostatic
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Fig. 7. Approximation of the backscatter RMS delay spread for measured
power-delay-profiles (UHF RFID warehouse portal, metal portal, liquids/metal
pallet). Estimates are based on individual (instantaneous) power-delay-profiles
and use the simplified formula for ατ in (23). Averages are shown for
comparison.

setup is caused by reflections that could not be isolated from

the LOS component with the given bandwidth. This leads

to αK < 1 even though the constituent channels are fully

correlated, cf. [21]. Naturally, this effect increases for weaker

LOS, i.e., lower KLOS. The outliers for very low K-factors

in Fig. 6 are caused by false-positives in the LOS detection

for the backscatter channel due to the weak LOS. For these

points, the LOS component of the backscatter channel is close

to or below the noisefloor of the measurements and cannot

be detected reliably any more. The estimated K-factor then

depends on which component the LOS-detection locks onto,

but is always larger than the true KLOS,f , explaining why all

outliers are above the 45 ° line.

V. CONCLUSION

Backscatter-based localization systems operate on the com-

bined backscatter channel and thus have to deal with its

pinhole nature. Detailed information regarding the backscatter

channel is crucial to the analyses of such systems, yet the vast

majority of characterizations and measurements are performed

for point-to-point wireless channels, e.g., [12], [13], [28]–[30].

We presented a method to combine wideband parameters

of wireless indoor radio channels to the parameters of the

backscatter channel. Expressions for the K-factor w.r.t. the

LOS path and the RMS delay spread of the backscatter channel

based on the individual channels’ parameters are given and

validated using simulated and measured wireless indoor chan-

nel impulse responses. It is shown that these approximations

are applicable and useful even in critical environments, where

several of the theoretical assumptions do not hold.

The approximations can for example be used to estimate the

performance of backscatter indoor localization systems based

on point-to-point measurements of the channel. Although they

are derived for the average PDP, they can be readily applied

to squared CIRs, as shown in Figs. 6 and 7.
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