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Abstract
The aerodynamic interactions in a quadcopter during forward flight reduce the efficiency of the back rotor(s) and increase 
generated noise levels. To alleviate interactions without compromising the vehicle’s compactness, a vertical offset between 
the front and back rotor(s) can be introduced as an alternative solution to increased hub spacing. The efficiency of a quad-
copter in square and diamond configuration with a vertical spacing up to 0.38 rotor diameter is analysed experimentally 
and numerically using free-wake solvers. Forward flight conditions are considered, including high interaction cases with a 
nose-up tilt and close rotor hub spacing with overlapping blades. The results show that for the square configuration, a thrust 
comparable to four isolated rotors is achieved by the elevation of both back rotors. In contrast, introducing a vertical separa-
tion to the already underperforming back rotor in the diamond configuration further reduces its efficiency.
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Nomenclature
d	� Horizontal rotor spacing [m]
D	� Rotor diameter [m]
P	� Time-averaged power [W]
Q	� Time-averaged torque [Nm]
dT/dr	� Sectional thrust [N/m]
dTsingle/dr	� Sectional thrust of an isolated rotor [N/m]

T 	� Time-averaged thrust [N]
Tsingle	� Time-averaged thrust of an isolated rotor [N]
vz	� Out-of-plane velocity component [m/s]
V
∞

	� Flight velocity [m/s]
xp	� Coordinate of the rotor plane perpendicular to 

V⃗
∞

 [m]
yp	� Coordinate of the rotor plane in the down-

stream direction [m]
z	� Vertical rotor spacing [m]
�R	� Tilt angle [°]
�	� Advance ratio [-]
�	� Solidity [-]
�	� Angular velocity [rad/s]

1  Introduction

Over the past decade, multicopters have dominated the 
unmanned aerial vehicles (UAV) market, with applica-
tions in diverse fields such as surveillance, videography, 
and remote site inspection [17]. Nevertheless, dedicated 
research has not kept pace with the ever-increasing popu-
larity of multicopters and their limitations, including low 
endurance and high noise emission, remain unresolved. The 
sources of these problems can be found in the aerodynamic 
rotor interactions, which represent a complex phenomenon 
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determined by flight conditions (advance ratio, tilt angle, 
etc.) and design parameters such as rotor spacing [4, 7, 13].

The interactions play a significant role during the forward 
flight when the wakes propagating closer to the rotor plane 
cause changes in the inflow conditions on adjacent rotors and 
increase the probability of blade vortex interactions (BVI) 
[9]. Strong adverse effects are observed for the back rotors 
affected by the downwash from the preceding rotors [3, 7, 
18]. At the same time, although to a lesser extent, the vicin-
ity of the rotors in the downstream region improves the effi-
ciency of the front rotors [2, 11]. Additionally, the upwash 
on the outer wake edges caused by rolled up tip vortices can 
also improve the rotor efficiency for rotors located sideways 
or diagonally [14]. For the fixed-pitch rotors, typically used 
in multicopters, the interactions in forward flight are influ-
enced by the wake asymmetry with a strong advancing side 
vortex propagating steeper downwards and a weaker retreat-
ing side vortex remaining closer to the blades.

A negative impact of the downwash on the back rotor(s) 
can be reduced by increasing the horizontal rotor spacing, 
as shown in the measurements of Atte et al. [3]. Studies 
by Healy et al. [7, 8] and Lee at al. [13] demonstrated that 
the introduction of a vertical offset is more effective for 
mitigating the adverse interaction effects without extending 
the vehicle size. The advantage of a vertical offset was also 
identified in the numerical study of the SUI Endurance quad-
copter by Diaz and Yoon [19], which showed a 63% thrust 
increase achieved by undermounting the front rotors. Nev-
ertheless, the measurements of a tandem configuration by 
Cai et al. [6] indicated the limitations of this approach with 
no further benefits on the rear rotor reached for the spacing 
higher than d/D = 0.5. In the following experimental study 
of a quadrotor by Atte et al. [2] up to 24% thrust increase was 
achieved with the vertical offset for the square (cross/’x’) 
configuration, while the effect on the back rotor in the dia-
mond (plus/’+’) configuration depended on its horizontal 
distance from the side rotors.

Despite the existing research, the question of how to max-
imise the benefits of introducing vertical rotor separation 
remains unresolved due to a limited understanding of the 
resulting changes in rotor-rotor interactions. The objective 
of this study is to enhance existing knowledge on this topic 
by combining the experimental data with mid-fidelity free 
wake computations of a quadcopter in forward flight. The 
preceding investigation [11] showed a reduced efficiency 
of the square configuration for horizontal rotor spacings up 
to d/D = 1.68, with increasingly adverse effects observed 
for nose-up tilt angles. The improved efficiency of the front 
rotors due to tandem and side-by-side arrangement interac-
tions was not sufficient to compensate for the efficiency loss 
on the back rotors. In contrast, the diamond configuration 
showed improved efficiency for all hub spacings with no 
overlapping rotors. The rearmost rotor was the only rotor 

affected by negative interaction effects. The present study 
aims to verify whether adding a vertical offset to the back 
rotors in the square configuration or to the rearmost rotor in 
a diamond configuration can effectively improve, or respec-
tively further improve, the quadrotor efficiency.

2 � Experimental setup

The quadrotor experiment was conducted in the RTG (rotor 
test facility Göttingen) wind tunnel at the German Aerospace 
Center (DLR) with the setup presented in Fig. 1. Fixed-pitch, 
two-bladed KDE 12.5x4.3" rotors with a diameter of 0.318m 
and solidity of � = 0.075 were used. The rotors were driven 
by 180 W Maxon EC-i 52 brushless motors with ENC 16 
EASY encoders (Fig. 2). Custom blade adapters were used 
to facilitate the mounting of the rotors on the shafts and 
to eliminate lead-lag movement. The rotors were operated 
with a constant rotational speed of 5400 RPM at a wind 

Fig. 1   Experimental setup with investigated parameters [11]

Fig. 2   Setup of the drive unit [10]
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velocity V
∞

 = 12.9 m/s, which corresponds to the advance 
ratio � = 0.146.

The thrust of each rotor was measured using a one-axis 
strain gauge sensors KD40s from ME Messsysteme and 
the torque was evaluated based on the electric power con-
sumption [10]. Different rotor arrangements relative to the 
flight direction were investigated with a rotor frame changed 
between the square and diamond configuration (Fig.3). In 
contrast to the previous study [11], only one rotation direc-
tion of the rotors was considered for the square configuration 
as the influence of changing the rotor direction was second-
ary to the change in rotor arrangement. The square bearhug 
configuration was selected, with the front rotors rotating 
inwards and the back rotors rotating outwards. For the dia-
mond configuration, a counterclockwise rotation direction 
of the front and the back rotor as well as a clockwise rotation 
of both side rotors was used.

The rotor frame was mounted on a rotatable base to allow 
for a variation of the rotor plane tilt angle �

R
 typical for the 

forward flight conditions. The study was focused on cases 
with −10◦ tilt (nose-down) and 10◦ (nose-up). The two 
angles represent characteristic forward flight modes ensuring 
the forward propulsion and braking, respectively. As shown 
in Fig.4, the nose-up tilt results in stronger self and mutu-
ally induced aerodynamic interactions with the back rotors 
operating directly in the wake of the front rotors as well as 
ingesting their own wakes.

The influence of varying the vertical distance between 
the rotors was investigated for the horizontal (hub) spacings 
d/D = 1.2 and d/D = 0.96. The operation with overlapping 
rotor blades for the latter could be achieved by keeping a 
constant orthogonal rotor phasing. Both the back rotors in 

the square configuration and the aftmost rotor in the dia-
mond configuration were raised above the front rotors’ 
plane. For this purpose, a vertical offset z in the steps of 
0.12 D, 0.26 D, 0.38 D was applied using metal distance 
rings of corresponding heights at the rotor mounting shown 
in Fig. 2. The maximum vertical offset z/D = 0.38 at the 
horizontal spacing d/D = 1.2 was not analysed for the square 
configuration due to interference between the elevated aero-
dynamic shieldings and the front rotors’ wakes.

3 � Computational tools

The measurements were compared with computational 
results from free-wake solvers, including blade models 
with finite thickness (UPM and RAMSYS) and a lifting-
line model corrected with viscous airfoil characteristics 
(PUMA). The main focus of the study remains the effect 
of rotor height offset, with UPM results serving as the pri-
mary reference for the discussion. Results from the addi-
tional solvers are included to validate the robustness of the 
observed trends, accounting for solver-dependent differences 
in modeling and the treatment of viscous effects, shown to 
introduce potential errors [11].

3.1 � UPM

Unsteady panel method (UPM) is a free wake tool devel-
oped at DLR, which allows simulations of potential flows 
with arbitrary body shapes and motion [1, 21]. The distribu-
tion of sources and sinks on the blade surface simulate the 
blade thickness, while the lift is modelled by the prescribed 

Fig. 3   Definition of the hori-
zontal spacing d and vertical 
spacing z between the rotors

Fig. 4   Wakes represented as 
a vortex lattice at analysed tilt 
angles �

R
 [12]
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weighting function of vortices on the chord surface panels. 
The Kutta condition is satisfied through a zero-thickness 
elongation of the trailing edge by ensuring pressure equal-
ity on the lower and upper surface. The blade model with a 
root cutout of 0.3 rotor radii and a sharp trailing edge was 
prepared with a panel generation code PANGEN based on a 
3D scanned geometry [12]. The simulations were performed 
for up to 9 rotor revolutions with an initial step size of 5 ◦ 
reduced to 2 ◦ during the computation.

3.2 � RAMSYS

CIRA (Italian Aerospace Research Center) applied the in 
house-developed mid-fidelity computer code RAMSYS 
(Rotorcraft Aerodynamic Modelling SYStem), specifically 
created for the aerodynamic analysis of multirotor and multi-
body configurations [20]. The solver is based on the bound-
ary element methodology (BEM) for the solution of inviscid, 
unsteady, incompressible flows and applies Morino’s bound-
ary integral formulation to Laplace equation [15] for the 
evaluation of the velocity potential. The surface pressure dis-
tribution on the configuration is calculated using the veloc-
ity potential by means of the unsteady Bernoulli equation, 
which is then integrated to evaluate the forces and moments 
acting on the configuration. A computational acceleration is 
obtained by applying the parallel execution via the OpenMP 
API. Calculations were made with an azimuth step of 2 ◦ and 
considering six rotor revolutions with six wake spirals.

3.3 � PUMA

ONERA (French Aerospace Lab) computations were per-
formed using the in-house mid-fidelity solver PUMA. It is 
based on the lifting line theory coupled with the free wake 
panel method [16] and benefit from the Fast Multipole 
Method implementation to speed up the process of induced 
velocity computations. This tool has already shown its abil-
ity to simulate rotor – rotor interactions in a various range 
of configurations such as those studied by Boisard et al. [5] 
and Kostek et al. [11]. In the current study, the lifting line 
was divided into 45 sections in a square root distribution 
and the 2D airfoil data used for the lifting line evaluation 
were provided by DLR. The time step was set to 5 ◦ azimuth 
and computation was performed over at least 8 revolutions.

4 � Results

The influence of the vertical offset is evaluated based on the 
difference in loads relative to the single rotor results 
(Table 1). The mean values of thrust ( T  ) and torque ( Q ) 
from the computations were time-averaged over one rotor 
revolution. The efficiency in forward flight was evaluated 

from the power loading defined as T
P
=

T

Q�
 . While the meas-

ured torque remained nearly constant for the analysed cases 
(maximum variations of 2%), changes in the efficiency were 
reflected in the changes of thrust, which therefore represent 
a key focus of the study.

Figures 5, 6 show the mean thrust T  of two quadrotor 
configurations, compared with that of four isolated rotors for 
vertical spacings up to z/D = 0.38. As shown by all results in 
Fig. 5, elevating the back rotors in the square configuration 
immediately improves the quadrotor efficiency at a tilt angle 
of −10◦ . For both hub spacings, a gradual increase in thrust 
is obtained with an increasing vertical offset. At a hub spac-
ing of d/D = 0.96 a vertical offset of z/D = 0.15 is sufficient 
to eliminate the detrimental downwash influence. Further 
increases in the vertical spacing at the nose-down tilt result 
in an increase in produced thrust (below 5%) compared to 
four isolated rotors. Nevertheless, the trend indicates that 
adding an offset greater than z/D = 0.38 would not result 
in a significant further increase in thrust. The same is true 
of the hub spacing d/D = 1.2, for which no thrust gain over 
four isolated rotors is achieved. In contrast to the imme-
diate benefits observed at the −10◦ tilt angle, the increase 
in efficiency for the smallest vertical spacing at the nose-
up angle of 10◦ is negligible. In the case of d/D = 1.2, no 
more than a 1% efficiency improvement is observed below 
z/D = 0.12. However, for both vertical spacings, up to 10% 
efficiency improvement is achieved by rising the back rotors 
by z/D = 0.38. Consequently, according to the measurement, 
the configuration with the horizontal spacing of d/D = 0.96 
reaches the efficiency of four isolated rotors. As shown in 
the computational results, the maximum efficiency for the 
d/D = 1.2 case is at least 5% lower.

In contrast, elevating the back rotor in the diamond con-
figuration does not improve the aerodynamic efficiency 
(Fig. 6). According to the measurement, the benefit from 
the interactions visible at z/D = 0 is reduced by up to 4% for 
both horizontal spacings. The quadrotor efficiency remains 
nearly constant with an increase in the vertical offset above 
z/D = 0.26.

The described effects are studied in detail in the follow-
ing subsections based on the efficiency analysis of individ-
ual rotors. The complex rotor interactions in the quadrotor 

Table 1   Mean thrust and torque of a single rotor ( Tsingle , Qsingle ), 
5400 RPM, V

∞
 = 12.9 m/s

Experiment UPM RAMSYS PUMA

Tsingle[N] −10◦ 7.37 7.13 7.048 7.13
+10◦ 10.19 10.08 9.73 9.91

Qsingle[Nm]
*inviscid

−10◦ 0.09 0.081* 0.083* 0.099
+10◦ 0.064 0.057* 0.061* 0.082
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configurations (Fig. 7a, b) are easier to understand based on 
the wake of the isolated rotor, visualised in Fig. 7c . A clear 
asymmetry of the wake can be observed between the rolled-
up tip vortices with an advancing side vortex propagating 
steeply downwards and a retreating side vortex staying closer 
to the rotor plane.

4.1 � Square configuration

Figure 8 shows the change in thrust compared to an isolated 
rotor for rotors 3 and 4, representing both the front and both 
the back rotors respectively. As shown by computational and 
experimental results, the introduction of a vertical offset to 
the back rotors improves their efficiency in all cases ana-
lysed. The thrust produced by each back rotor is increased 
by approximately 10% at −10◦ tilt angle and 20% at 10◦ , 
which, according to the measurements, is still not sufficient 
to reach the isolated rotor’s efficiency. Nevertheless, even 
though full recovery is not achieved for rotors 2 and 4, the 
increased thrust of the front rotors improves the overall 

quadrotor efficiency. As shown in Fig. 9, a positive impact 
of the tandem interaction on the front rotor, visible around 
0 ◦ azimuth, weakens as the vertical spacing between the 
front and back rotors increases. At the same time, a strong 
side-by-side interaction with a neighbouring rotor at 270◦ 
azimuth remains nearly unchanged, resulting in an approxi-
mately constant 10% thrust increase for rotors 1 and 3 at 
z/D = 0.96. The interactions between the front rotors at the 
wider hub spacing d/D = 1.2 are not as strong, yet the benefit 
is clearly observable for all z/D values.

At z/D = 0 the thrust loss on the back rotors is compara-
ble for both horizontal spacings. However, an introduction 
of the vertical offset gives better results for the configuration 
with the blade overlap (d/D = 0.96). Figure 10 shows that 
non-elevated back rotors are affected by the downwash from 
the advancing side vortex of the preceding rotor for both 
cases. Raising the back rotors reduces the interaction on this 
side; however, the rotors are then more influenced by the 
retreating side vortex propagating at increased z-position (as 
shown in Fig. 7). This interaction persists at larger vertical 

Fig. 5   Change in mean thrust of 
the square bearhug configura-
tion with varying vertical rotor 
offset

Fig. 6   Change in mean thrust of 
the diamond configuration with 
varying vertical rotor offset
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spacings for d/D = 1.2, for which the trajectory of the vorti-
ces is no longer aligned with the back rotors.

Regardless of the horizontal separation in the square 
configuration at 10◦ tilt angle, the impact of the retreating 
side tip vortices on the back rotors is observable even for 

the largest vertical offset. This is surprising when consider-
ing the wake trajectory of an isolated rotor (Fig. 11a ). As 
shown, the retreating side tip vortex of the upstream rotor 
propagates in the rotor plane, well below the theoretical 
position of the downstream rotor. However, as presented in 

Fig. 7   Rotor wakes visualized 
in UPM with a vortex lattice

Fig. 8   Change in mean thrust 
of each rotor in square bearhug 
configuration with varying 
vertical rotor offset
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Fig. 11b , a bearhug interaction between the front rotors 
changes the trajectory of their inboard tip vortices, direct-
ing them upwards. In a full configuration an upwash region 
is also generated between the back rotors, which further 

deflects the vortex trajectory towards the back rotor. As a 
result, detrimental downwash influence is observable in this 
region for larger vertical offsets than expected from the wake 
geometry of the single rotor.

Fig. 9   Change in thrust of 
rotor 1 in the square bearhug 
configuration with tilt −10◦ and 
d/D= 0.96 (UPM)

Fig. 10   Change in thrust of 
rotor 2 in the square bearhug 
configuration with tilt 10◦ 
(UPM)

V∞

(a) z/D=0, d/D=1.2 (b) z/D=0.26, d/D=1.2 (c) z/D=0.38, d/D=1.2

(d) z/D=0, d/D=0.96 (e) z/D=0.26, d/D=0.96 (f) z/D=0.38, d/D=0.96

Fig. 11   Wake of the front 
rotor(s) in square bearhug 
configuration at 10◦ tilt angle, 
d/D=0.96 and z/D=0.38; repre-
sented as a vortex lattice
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4.2 � Diamond configuration

Elevation of the back rotor in the diamond configuration 
does not have a significant influence on the efficiency of 
the preceding rotors. For this reason, Fig. 12 focuses on the 
results for rotor 4 with experimental data for rotors 1, 2 and 
3 added as a reference.

According to the measurements, adding the vertical offset 
to the back rotor reduces its thrust by up to 10% at d/D = 1.2. 
All results show that at 10◦ tilt angle the thrust reduction 
is already observed for z/D = 0.12 and it remains almost 
constant with further increasing z spacing. For d/D = 0.96 
the back rotor shows the lowest efficiency at z/D = 0.12. Its 
thrust increases with greater vertical offsets, yet no improve-
ment compared to the efficiency at z/D = 0 is achieved. The 
explanation for the observed tendency can be found in the 
changes of sectional thrust dT/dr compared to an isolated 
rotor (Fig. 13).

Unlike the square configuration, the back rotor in the 
diamond system is affected not only by the detrimental 
tandem interaction with the front rotor but also by diago-
nal alignment interactions with the side rotors. However, 
these can have either positive or negative influence on 
rotor efficiency depending on the flight conditions and dis-
tances between the rotors. For a larger horizontal spacing 

d/D = 1.2 at the tilt angle of −10◦ , the vortex from the 
advancing side of rotor 2 causes a local thrust reduction 
on rotor 4 (Fig. 13a). This adverse effect is almost entirely 
cancelled out by the upwash created by the rolled-up 
retreating side vortex of rotor 3. Adding a vertical offset 
to the back rotor gradually reduces the downwash impact 
on the advancing side, but also completely eliminates the 
positive upwash influence (Fig. 13b, c). As the detrimental 
effect of the advancing side vortex remains observable for 
all vertical spacings, the rotor thrust is reduced compared 
to the z/D = 0 case. Additionally, a progressive thrust 
decrease at the front of rotor 4 indicates more interac-
tion with the wake of rotor 1 for larger z spacings. Simi-
larly, at d/D = 0.96 and no vertical offset, the back rotor 
is mainly influenced by the side rotors’ tip vortices, both 
of which in this case cause strong local downwash regions 
(Fig. 13d ). At the same time, an upwash area between the 
side rotors counteracts the downwash from rotor 1 around 
180◦ azimuth of rotor 4 (Fig. 14a ). After raising the back 
rotor by z/D = 0.12 the influence of the side rotors slowly 
decreases, yet the back rotor also loses its shielding from 
the tandem interaction (Fig. 14b ). As a result, the thrust 
loss area spreads to the entire front of the rotor 4 (Fig. 13e 
). The thrust gradually improves with further increases in 
the vertical spacing (Fig. 13f ); however, no improvement 

Fig. 12   Change in mean thrust 
of each rotor in the diamond 
configuration with varying 
vertical rotor offset
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compared to z/D = 0 is achieved within the vertical offsets 
which are analysed.

5 � Discussion

The results show that elevating the back rotors is a more effi-
cient method of improving the square quadcopter efficiency 
than increasing the horizontal hub spacing. This is particu-
larly evident for the 10◦ tilt angle, where increasing the hub 
separation did not enhance the back rotors’ efficiency and 
only cancelled a positive proximity effect for the front rotors 
within the analysed d values [11]. Nevertheless, the ben-
efit of introducing a vertical offset strongly depends on the 
quadrotor tilt angle and effectively means that the strongest 
interactions with a preceding rotor wake are shifted to higher 

nose-up tilt angles. Figure 15 shows that at z/D = 0 the back 
rotor recovers from the downwash influence above �

R
 = 10◦ . 

From this point on, a vertical offset has a detrimental effect 

Fig. 13   Change in thrust of 
rotor 4 in the diamond configu-
ration with tilt −10◦ (UPM)

V∞

(a) z/D=0, d/D=1.2 (b) z/D=0.12, d/D=1.2 (c) z/D=0.38, d/D=1.2

(d) z/D=0, d/D=0.96 (e) z/D=0.12, d/D=0.96 (f) z/D=0.38, d/D=0.96

Fig. 14   Velocity field in the 
plane of rotor 4, �

R
 = −10◦ and 

d/D = 0.96 (UPM)

(a) z/D =0 (b) z/D =0.12

Fig. 15   Change of thrust of the back rotor in the square bearhug con-
figuration depending on the tilt angle and vertical offset, d/D=1.2
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as it causes a further thrust reduction. The resulting loss on 
the raised rotors at �

R
 = 20◦ is greater than the maximum 

loss with z/D = 0 at �
R
 = 10◦.

Prediction of the front rotors’ wake trajectory, includ-
ing asymmetric wake propagation, is necessary to assess 
the vertical offset benefit. The trajectory of the retreating 
side vortices is determined by the wake-wake interaction 
from the bearhug alignment between the front rotors. The 
influence of the front rotors’ wake trajectory is expected to 
be less significant for the square breaststroke configuration 
(the front rotors rotating outwards) with the advancing side 
vortices interacting.

The qualitative efficiency changes caused by the vertical 
offset were captured by all mid-fidelity tools applied. The 
largest discrepancies up to 6% are observed in the thrust 
prediction of the diamond configuration at the nose-up tilt 
angle. The differences in this case mostly come from strong 
upwash interactions on rotor 2 causing flow separation, 
which is not accounted for in the inviscid results of UPM 
and RAMSYS as described by Kostek et al. [11].

6 � Conclusions

Introducing a vertical offset to the back rotors in the square 
configuration improves its thrust up to 5% at −10◦ tilt angle 
and 11% at 10◦ tilt. An efficiency comparable to or higher 
than four isolated rotors is achieved for the close horizon-
tal rotor spacing d/D = 0.96. The side-by-side alignment 
interactions between the front rotors delay the vertical offset 
benefit so that at nose-up tilt angle the elevation higher than 
z/D = 0.38 is necessary to achieve a full recovery of the 
thrust of the back rotors.

In contrast, adding a vertical separation to the back rotor 
in the diamond configuration has a negative impact on its 
efficiency. At z/D = 0 inflow conditions around 180◦ azimuth 
of the back rotor are comparable to an isolated rotor case 
due to the upwash between the side rotors. The elevated 
back rotor is more exposed to the downwash from the wake 
of the frontmost rotor. A gradual improvement in the rotor 
efficiency is expected for vertical separation greater than 
z/D = 0.38 due to reduced downwash from all the preceding 
rotors.

The highest efficiency with up to 5% thrust increase com-
pared with four isolated rotors is achieved for the square 
configuration with d/D = 0.96 and the vertical offset of 
z/D = 0.38 as well as for the diamond configuration with 
d/D = 1.2 and no vertical offset.

While the study focused on selected, typical flight condi-
tions (e.g. advance ratio, tilt angles), the design of a quad-
copter with a vertical spacing requires consideration of a 
wide range of parameters. Nevertheless, the results serve 
as a starting point and offer an insight into the potential 

aerodynamic benefits of introducing a vertical rotor offset 
depending on the configuration. 
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