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Abstract: In force-reflecting telepresence, communication delays can lead to
instability. A common approach to passivate the system disturbed by constant
delays is to apply the wave transformation. However, this leads to the effect of wave
reflections that decrease performance. This paper provides a detailed description
of wave reflections as arising in haptic telepresence systems. The influence on the
perception of the remote environment is analyzed and validated experimentally.
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1. INTRODUCTION

Telepresence enables a human operator to per-
ceive and manipulate a remote environment. A
telepresence system consists of three components.
The human system interface (HSI) is handled by
the human operator. He/She commands the tele-
operator to perform actions in a remote environ-
ment. HSI and teleoperator exchange command
and feedback signals over a communication line.
To achieve a holistic remote immersion, multiple
modes of human perception are addressed includ-
ing haptic, visual, and auditory senses. The level
of the immersion is called the transparency of the
telepresence system. Applications for telepresence
are telesurgery, teleassembly and telerescue sys-
tems, see Fig. 1 for an illustration.

This paper focuses on force-reflecting (i.e. hap-
tic) telepresence with constant time delays. Force-
reflecting telepresence systems have severe stabil-
ity problems when executed in presence of time
delays caused by the communication line. The
most eligible approach to analyze and design hap-
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Fig. 1. Multimodal Telepresence

tic telepresence systems with time delay is the
passivity concept which is applied here. In or-
der to passivate the communication line the wave
transformation is applied. Wave variables were
introduced in (Anderson and Spong, 1989) and ex-
tended in (Niemeyer, 1996). This transformation
renders the communication line passive to arbi-
trary constant delays. As a result the dynamics of
the communication system equal the dynamics of
a lossless electrical transmission line. The dynam-
ics are described by the impedance, the ratio of ef-
fort and flow, hence in a mechanical context by the
ratio of force and velocity. If the impedance of the



remote environment is not matched to the char-
acteristic impedance of the communication line,
wave reflections, a phenomenon well known from
electrodynamics, are excited. Wave reflection de-
crease the transparency. So far different strategies
have been proposed to improve the performance
of the telepresence system by impedance match-
ing (Niemeyer and Slotine, 1997) and (Hirche and
Buss, 2003). However, these strategies may not
completely avoid wave reflections. The influence of
wave reflections on transparency has not yet been
investigated qualitatively. This paper provides an
analysis of wave reflections as they influence the
telepresence system, and the perception of the
remote environment. Experimental validation is
conducted with two-degree-of-freedom SCARA-
robots.

The remainder is arranged as follows: Section 2
provides with the theoretical background of time-
delayed haptic telepresence, including passiv-
ity theory, wave transformation and impedance
matching. The analysis of wave reflections - the
main part - is given in section 3. In section 4 and 5
simulation as well as experiments are presented.

2. BACKGROUND

2.1 Passivity

Passivity is an energy based concept well suited
to sufficiently guarantee stable performance of
complex distributed systems. To apply the notion
of passivity the complete system is divided into
subsystems. If these subsystems are passive and
connected in an appropriate way, overall stability
can be ensured for the whole system. A passive
system absorbs more energy than it generates, i.e.
the power entering a system is larger than the
change of the energy being stored inside. Power
input is defined as scalar product between the
input vector ẋ and the output vector F,

Pin = ẋ
T
F. (1)

It is defined to be positive when entering the
system and does not necessarily correspond to any
physical power. A sufficient condition for passivity
is

∫ t

0

Pin(τ)dτ ≥ −Estore, ∀t ≥ 0, (2)

where Estore represents the energy that is stored
in the system. For systems with no initially stored
energy this condition becomes

∫ t

0

Pin(τ)dτ ≥ 0, ∀t ≥ 0. (3)

For linear SISO systems the transfer function
must be positive real. This is equivalent to the
condition

| 6 G(jω)| ≤ π

2
, ∀ω ≥ 0. (4)

For strict passivity the inequality holds. A test if
a transfer function might be (strict) positive real
can be done by means of its coefficients ni and dj .
For (strict) positive realness they must at least
obey

ni ≥ 0 ∧ dj ≥ 0 i, j ≥ 0. (5)

For strict passivity all coefficients must be greater
than zero.

As illustrated in Fig. 2 a telepresence system can
be interpreted as a connection of two-ports ter-
minated by one-ports at each end. The complete
system is passive if all subsystem, i.e. all con-
nected two-ports and the terminating one-ports
are passive themselves.

To obtain a passive telepresence system the one-
port on the left consisting of the human operator
handling the HSI has to be passive. A trained
operator is supposed to assure this. The right
one-port consisting of the teleoperator working in
the remote environment must be passive as well.
This can at least be achieved by an appropriate
local velocity controller. The communication two-
port affected by constant delays is passivated by
deploying the wave transformation.

2.2 Wave Transformation

The communication causes a time delay of the
submitted signals. The communication two-port
with time delay, however, is not passive as shown
in (Anderson and Spong, 1989). In order to de-
sign a passive and therefore stable telepresence
system all its subsystems must be passive. Mo-
tivated by a lossless electrical transmission line
and based on scattering theory a transformation
of the active communication line to a passive
one is introduced in (Anderson and Spong, 1989).
In (Niemeyer, 1996) this approach is developed
further and wave variables are introduced and
applied to telepresence systems with velocity con-
trol and force reflection. The transformation of
velocity and force into wave variables is given by

uhsi =
bẋhsi + Fhsi√

2b
, vhsi =

bẋhsi − Fhsi√
2b

,

utel =
bẋtel + Ftel√

2b
, vtel =

bẋtel − Ftel√
2b

, (6)

where u describes the incident wave and v the
reflected wave. The parameter b represents the
wave impedance. It must be a positive constant
or a positive definite matrix and can be chosen
arbitrary.
Since this mapping is bijective it is always unique
and it is always invertible. The normalization by
the root term in equations (6) is done to achieve
the identity
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Fig. 2. Passive subsystems assure overall stability

Pin = ẋ
T
F =

1

2
u

T
u − 1

2
v

T
v. (7)

Passivity can be verified by computing condi-
tion (3) in the wave domain. Assuming a constant
delay of T1 in the forward and T2 in the backward
path and applying equation (7) yields

∫ t

0

Pin(τ)dτ =

∫ t

0

(ẋT
l Fl − ẋT

r Fr)dτ =

1

2

∫ t

t−T1

u2
hsidτ +

1

2

∫ t

t−T2

v2
teldτ ≥ 0, ∀t ≥ 0.(8)

Hence the passivity condition is never violated.
Consequently, arbitrary constant time delays are
passive in wave domain.

2.3 Impedance Matching

The transfer function between force F and veloc-
ity ẋ is known as mechanical impedance

Z(s) =
F (s)

sx(s)
. (9)

It describes the dynamical resistance of a me-
chanic environment analog to an electrical impe-
dance. Since the telepresence system has a ve-
locity/force architecture all subsystems illustrated
in Fig. 3 represent impedances like the human
operator encountering the impedance Z∗ as well
as the teleoperator encountering the remote en-
vironment Ze. If the communication two-port is
passivated by the wave transformation then wave
reflections are generated if the impedances of
the communication line and of the remote en-
vironment do not match. The effort to avoid
wave reflections is called impedance matching. It
is well known from electrical transmission lines.
In (Niemeyer, 1996) impedance matching is partly
reached by an appropriate velocity controller.
In (Hirche and Buss, 2003) special impedance
matching filters try to adapt the terminating
impedance. However, these approaches do not
reach impedance matching over all frequencies.
Hence wave reflections still have an impact on the
transparency.

2.4 Transparency

The telepresence system is called transparent if
the operator is not able to distinguish between

a direct interaction with an environment and the
interaction by telepresence. According (Lawrence,
1993) the equality of the displayed impedance Z∗

and the environmental impedance Ze is required
for transparency. In the following the impedance
is assumed to be approximated by a LTI system
Z(s) = ms2 + ps + k with inertia m, damping
coefficient p and stiffness coefficient k. If these
parameters are equal for the environment and
the displayed impedance, then the transparency
criteria is assumed to be fulfilled. Under the as-
sumption that the dynamics of the HSI and of the
teleoperator have a negligible small influence, the
transparency condition can, according to Fig. 3,
be rewritten as

Z∗(kh,mh, ph)
!
= Zx(kt,mt, pt). (10)

The indices indicate the independence of the pa-
rameters of the operator side (h) and the teleop-
erator side (t). This measure is used within this
paper.

3. WAVE REFLECTIONS

Wave reflections contain the energy that is re-
flected at an impedance discontinuity. They occur
if the impedance of the remote system is not
matched to the wave impedance b of the communi-
cation line. Wave reflections include the informa-
tion of the reflected force signal but they also carry
useless information that deteriorate transparency.

3.1 Reflection Factor

Wave variables are linear combinations of velocity
and force according to the solution of the wave dif-
ferential equation with lossless propagation. This
leads to an incident wave u and the wave reflec-
tions v according to equations (6). The reflection
factor R is the transfer function between both
waves. In this paper only the reflection factor at
the right hand side (Fig. 3) of the time delay is
considered

R(s) =
vr(s)

ur(s)
. (11)

The reflection factor of the telepresence system is
calculated as

R(s) =
b − Zx(s)

b + Zx(s)
. (12)
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rad/sFig. 3. Structure of the telepresence system. Wavy blocks contain wave transformations.

Hence the dynamic of the wave reflections vr is
defined by the characteristic impedance b, which
can be chosen arbitrary, the impedance Zx, ter-
minated by the teleoperator, and the remote en-
vironment.

3.2 Stability

Stability of a telepresence system afflicted with
wave reflections can be determined by analyzing
the reflection factor R(s). If the system Zx is not
matched to the characteristic impedance b of the
communication line, then the remote environment
becomes part of a simple closed loop control
with unity feedback as sketched in Fig. 4. This
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ẋhsi

Fhsi
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Fig. 4. Reflection factor R(s) determines stability
behavior

feedback system is defined by the reflection factor
and the time delays in the forward branch. The
human operator/HSI that closes the system is
not regarded in Fig. 4 because these dynamics
are passive, i.e. they do not narrow the stability
margin of the total system (Fig. 3). Since the time
delays do not cause any amplification but a phase
shift greater than π, the impedance Z∗ is stable,
if the reflection factor R(s) fulfills the small gain
theorem.

|R(jω)| < 1, ∀ω ≥ 0 (13)

Inserting equation (12) yields

|R(jω)| =

∣
∣
∣
∣

b − Zx(jω)

b + Zx(jω)

∣
∣
∣
∣
< 1, ∀ω ≥ 0. (14)

Expressing furthermore Zx by its numerator and
denominator

Zx(jω) =

∑

i ni(jω)i

∑

i di(jω)i
, i ≥ 0, (15)

leads to a stability criterion depending on the
coefficients of Zx

|R(jω)| =

∣
∣
∣
∣

∑

i(dib − ni)(jω)i

∑

i(dib + ni)(jω)i

∣
∣
∣
∣
< 1, i ≥ 0.

(16)
This inequality holds for

Zx(jω) : R+ → R
+\{0,∞}, (17)

According to the passivity test (5) all strictly
passive systems meet this condition. This stability
result confirms the passivity based design of the
telepresence system that has already assured sta-
bility. However, applying condition (16) provides
one of the contributions of this paper: One can
determine the stability properties more detailed.
The closer the reflection factor is to zero the more
robust the impedance Z∗, i.e. the telepresence
system with force feedback, is against instabilities.

3.3 Impact on Transparency

The impedance Z∗ encountered by the human
operator handling the HSI is given as

Z∗(s) =
Fhsi(s)

sxhsi(s)
= b − 2b

e−2sT R(s)

1 + e−2sT R(s)
. (18)

In case of an impedance matched system, Z∗ = b,
at the end of the communication line the reflection
factor R is zero and consequently the right addend
of equation (18) disappears. Hence, impedance
matching over all frequencies does only occur if
the remote environment equals a pure damper
of the magnitude b. If the reflection factor is
not zero the right addend of equation (18) does
not disappear providing a signal which depends
on the time delay and on the reflection factor.
Investigating the limits for the frequencies s = 0
and s → ∞ yields

Z∗(0) = Zx(0), lim
s→∞

Z∗(s) = b. (19)

This means that only at very low frequencies
the operator perceives approximately the environ-
ment impedance.

Equation (19) proposes the choice of the wave
impedance b. If it is set to

b := lim
s→∞

Zx(s), (20)



then transparency, Z∗ = Zx, is at least nearly
reached for very low and very high frequencies.
Approximating the time delay by

e−2sT ≈ 1

1 + 2Ts
, (21)

leads to a more applicable form of equation (18)

Z∗(s) ≈ b
1 + 2Ts − R(s)

1 + 2Ts + R(s)
. (22)

This is the 1st order approximation of the
impedance that the human operator perceives. For
example, if the teleoperator works in free space,
Zx = 0, the operator perceives the impedance

Z∗(s)

∣
∣
∣
∣
Zx=0

≈ b · Ts

1 + Ts
=

p · ms

p + ms
. (23)

This expression states that the human opera-
tor approximately perceives an impedance that
consists of a damper p = b and a mass m = bT

in serial connection if the remote environment
is free space. It has to be emphasized that the
mass is proportional to the time delay T . Hence
the transparency of the system is effected by the
magnitude of the delay and by the magnitude
of the characteristic impedance of the passivated
communication line.

External disturbances also have a severe impact
on the telepresence system. General statements
can be made regarding exemplarily the distur-
bance V in Fig. 3. The disturbance transfer func-
tion with respect to the teleoperator is

Shsi(s) =
Fhsi(s)

V (s)
=

(1 − R(s))be−sT

1 + e−2sT R(s)
(24)

Polynomial factorization yields

Shsi(s) = (1 − R) b [e−sT − Re−3sT + ...]

= (1 − R) b
(

∞∑

k=0

(−R)k · e(−2k−1)sT
)

(25)

Latter equation unveils some characteristics of the
way an impulse-shaped disturbance V (s) = 1 is
processed within the telepresence system: (a) The
disturbance is periodical with the period 2T . (b) If
R > 0, its periodic successors alternate. If R < 0,
its periodic successors have the same signs as the
disturbance itself.

4. SIMULATIONS

4.1 Bode Plot

The amplitude response of the telepresence sys-
tem working in free space is shown in Fig. 5. The
free space environment was set to

Zx =
1

s + 11
(26)

and not to zero because the teleoperator dynamics
provide a small dynamical influence. The delays

are set to T = 0.1 s. The impedance encountered
by the human operator driving the HSI, Z∗,
approaches the values calculated in (19) for very
high and very low frequencies. To outline the
approach of Z∗ to the wave impedance b it was
set to b = 50 only for this diagram. Especially
for commanded velocities with high frequencies
the reflected force is disturbed by high frequency
wave reflections that are hardly predictable since
the amplitude changes very rapidly. Furthermore
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Fig. 5. Wave reflections falsify the reflected force
signal

the diagram shows that the wave impedance b

must be adjusted with respect to the impedance
Zx encountered by the teleoperator to obtain
a telepresence system that is as transparent as
possible.

4.2 Wave Reflections by additional disturbances

The second simulation demonstrates an impedance-
matched system that is disturbed shortly at 10 s

and excited by

ẋhsi = sin(2
rad

s
t). (27)

The time delays are again T = 0.1 s. As it can be
seen by the normalized quantities of Fig. 6 con-
stant phase and amplitude error do not appear.
However, the solitary disturbance continues with
the period of the round trip delay 2T = 0.2 s and
decreases transparency.

4.3 Stability of a Non-Matched System

The last simulation, displayed in Fig. 7, illustrates
the dependency of the telepresence system’s sta-
bility on the reflection factor R. It has the same
configuration as in the latter simulation, but the
wave impedance is b = 1 . The upper left diagram
shows the reflected force Fhsi of a telepresence
system having a reflection factor that fulfills the
small gain theorem (13). This can be seen in the
lower left diagram. Thus wave reflections have
always a fading-out behavior. If the configuration
is chosen to yield a reflection factor that does not
obey the small gain theorem, then wave reflection
can lead to instability. In this case at least one
subsystem is not passive anymore.
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Fig. 6. Wave reflections generated by external or
internal disturbances
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the reflection factor

5. EXPERIMENTS

The experimental setup, Fig. 8, consists of two
identical SCARA-robots working as HSI and tele-
operator (TO). They are connected over a PC.
For the first experiment only the teleoperator was

TO

HSI
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Fig. 8. Experimental setup

used and driven by the sine function (27). In the
second experiment a human operator manipulated
the HSI and steered the teleoperator toward two
different environments. The first experiment illus-
trated in Fig. 9 shows the teleoperator encounter-
ing free space. The impedance Z∗ is only approx-
imate zero since dynamics of the operator cause
a small deviation. The actual remote impedance
is already used in the simulation part and defined
in (26). The result of the second experiment is
displayed in Fig. 10 . Although the reflected force
gives the human operator an impression of the
remote environment wave reflections cause deteri-
orations diminishing transparency.

6. CONCLUSION

In this paper it is shown that wave reflections,
as arising in haptic telepresence systems with
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ẋtel

Ftel

ul

vl

esT1

esT2

ur

vr

Operator
1
b√

2b
b√
2b

b

R
Zx

V
R(s)
L(s)

esT

Zx
︸ ︷︷ ︸

R(s)

esT

Z
dB

ω
rad/s

ẋ
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Fig. 9. Teleoperator encountering free space

0 2 4 6 8 1210

F
hsi

Free space

Contact

0.4

-0.3

-0.2

-0.1

  0

0.2

0.3

F*
hsi

PSfrag replacements

Human
Operator

Commu-
nications

passive

Env-
ironment

HSI
Teleoperator

Z∗

Ze
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ẋtel

Ftel

ul

vl

esT1

esT2

ur

vr

Operator
1
b√

2b
b√
2b

b

R
Zx

V
R(s)
L(s)

esT

Zx
︸ ︷︷ ︸

R(s)

esT

Z
dB

ω
rad/s

ẋ
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Fig. 10. Telepresence in free space and contact

passivated communication line, carry information
of the reflected force signal as well as they pro-
vide deteriorations that diminish transparency.
A telepresence system, which deploys the wave
transformation is not able to provide a transpar-
ent perception of a remote environment. The wave
transformed communication line is not suitable to
submit two signals that carry information which
is partly independent. However, the wave trans-
formation provides a stable communication line
when constant time delays occur.
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