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Networked Delay Control for 5G Wireless Machine
Type Communications Using Multi-Connectivity

Ramón A. Delgado , Katrina Lau, Member, IEEE, Richard H. Middleton, Fellow, IEEE and
Torbjörn Wigren, Senior Member, IEEE

Abstract—Automatic control using ultra-reliable and low la-
tency communication is one of the potential applications of the
new fifth generation wireless systems. A remaining challenge is
then to guarantee a low end-to-end delay with low jitter over com-
bined internet and wireless interfaces that are packet switched
and capacity optimized. The main novelty of the present paper
is to introduce stringent delay control to meet this challenge,
over simultaneous multiple data paths. The proposed multiple-
input-multiple-output cascade control system is nonlinear since
the dwell times of the transmission node queues used as actuators
cannot be negative. Stability analysis based on integral quadratic
constraint theory is therefore applied to characterize the global
stability of the controller. The practical performance is evaluated
with experiments using product like test bed C++ code. It is
stressed that the proposed controller does not require inter-node
time synchronization.

Index Terms—5G mobile communication, URLLC, Delay,
MIMO control, Networked Control, Nonlinear Systems, Stability.

I. INTRODUCTION

F IFTH generation (5G) wireless systems aim to provide
infrastructure for a number of new use cases, among

these high performing wireless networked control [11], [28],
[31], [32]. It is important to note that such ultra-reliable and
low latency communication (URLLC) [2] functionality encom-
passes signals around the entire feedback control loop, not
just conventional remote reference signal control over radio.
Consequently, as noted in [34], the delay characteristics of the
packet switched 5G end-to-end networks warrant renewed at-
tention from the automatic control community. The novelty of
the present work is believed to be the systematic application of
feedback delay control to these 5G packet switched networks,
simultaneously controlling the round trip delays over multiple
data paths. The networked control applications operating over
the 5G networks can then work under similar assumptions as
when wired feedback control is applied, i.e. loop delays as
low as the network allows with a minimal amount of jitter.

There are many commercial motivations for networked
URLLC control, among these the possibility to reduce the
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need for cabling in manufacturing plants [19]. Apart from the
associated cost reduction, removal of cabling is particularly
beneficial in case of rotating machinery where slip-ring and
rotary transformer based interfaces may otherwise be needed,
see e.g. [4]-[7]. Other applications focus on situations where
wireless connectivity provides unique possibilities, e.g. for re-
mote surgery exploiting haptic feedback over a tactile internet
[24], [29], [33].

The currently available techniques for delay control over
the 5G wireless and wired internet include the transmission
control protocol (TCP) and its augmentation with various
kinds of active queue management (AQM) algorithms, see
e.g. [36]. TCP aims for capacity optimization, while AQM
is based on packet discards to mitigate problems with queue
data volume overflow with less delay than TCP. A particu-
lar AQM algorithm for reduction of delay is random early
detection (RED). RED starts to drop data packets randomly
before the buffer threshold is exceeded. However, the analysis
of [5] indicates that the jitter is increased instead, leaving
the URLLC problem unsolved. Wireless factory automation
and tactile internet feedback control applications over the
new 5G networks thus require significantly lower round trip
latencies and jitter levels than can be obtained with TCP and
AQM, see [2], [19], [29], [46] and section II.B for a more
detailed discussion. In addition, new impairments in typical
5G wireless URLLC architectures arise due to the combination
of the non-guaranteed latency of packet switched networks,
radio fading [13], and the need to use multi-point transmission
to overcome radio shadowing in factory environments and at
high carrier frequencies [11], [32], [44]. The problem with
delay and jitter over the internet is a well studied subject,
and there are techniques that go beyond TCP and AQM that
could address some of the above impairments. One solution
is to apply time-stamping of packets as a way to measure
the delay, thereby allowing for delay control and for an
increased robustness against jitter. An early approach can be
found in [22]. That paper presents an observer based delay
compensating networked controller. To handle varying delay,
time synchronization between the controller node and the
plant node is assumed. Such synchronization is a general pre-
requisite for the use of time-stamping of data to obtain delay
robustness in networked control. A more recent approach to
delay compensation can be found in [16]. There buffering
is used to mitigate the effect of jitter in networked control
applications. Work on multi-path architectures include e.g.
[37]. That work discusses a statistical algorithm that trades off
delay and time skew for one way downlink data like voice and
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video. The URLLC feedback control applications are however
concerned with round-trip delay, time skew and jitter, which
is the case treated in the present paper.

One particular enhancement with respect to [37] is that the
cascade controller of this paper enforces non-empty wireless
transmission queues by constraining the inner loop queue
dwell time reference values to be non-negative. This is im-
portant for URLLC feedback control applications since an
empty transmission queue could stop the flow of control
signals from the controller to the plant, thereby potentially
corrupting e.g. a stabilizing control loop. This is not unusual
in practice, where disturbances like radio fading can result in
frequent very low queue dwell time reference values. This is
very clearly illustrated by the numerical evaluation of section
V, and by results reported e.g. in [40], [41], [42] and [45].
The non-negative constraint is particularly important when the
time skew controller is adjusted to minimize the delay at the
application layer, thereby operating with small transmission
queue data volumes. The design of a linear controller that
does not create negative queue dwell time reference values
would require a back-off, resulting in operation with signifi-
cantly larger wireless transmission queue data volumes. This
is undesirable since it would increase the round trip delay
experienced by the application.

The first contribution of the paper is therefore a new
multiple-input-multiple-output (MIMO) networked round trip
time (RTT) skew control algorithm. The round trip time skew
controller exploits transmit data queues in the transmission
nodes, in order to vary the dwell time of the application control
signals in these queues. The controller exploits static decou-
pling, linear lead-lag design, and cascade control, to achieve
a low computational complexity. An additional advantage is
that the controller solves the data flow split problem at the
controlling node, since the inner loop control signals are the
downlink data rates that fully define the data flow split. In
addition, no time synchronization between the involved nodes
is required.

The round trip time skew controller is made non-linear by
saturations that restrict the reference round trip time values of
the inner loop controllers to be non-negative. A drawback with
this is that the stability of the time skew controller becomes
more complicated to assess. Fortunately, a stability analysis
can still be carried out and the second contribution of the
paper provides a MIMO stability analysis based on the theory
of integral quadratic constraints (IQCs) [17], [23]. Conditions
under which the closed loop time skew control system is
globally stable are derived, and evaluated numerically. The
evaluation indicates that the stability bounds are similar to
those of [45] obtained with the classical Popov-criterion [39],
and therefore IQC does not seem to produce overly conserva-
tive results. The numerical stability evaluation is performed for
the controller tuning used in the experiments with the test bed
C++ code. These experiments constitute the third contribution
of the paper.

The problem at hand is a networked control problem,
however the focus is on delay rather than on the quantization
related problems of e.g. [3], [8], [14], [26]. In addition to the
work of [5], [16], [22], [37] that was discussed above, work on

delay with relevance for control over the wireless internet in-
clude e.g. [35], [40]-[43]. The reference [43] provides a stabil-
ity analysis of the inner loop controllers that are controlled by
the outer loop of the MIMO cascade controller of the present
paper. The references [40]-[42] present alternative inner-loop
control schemes. The paper [45] discusses a downlink time
skew controller for dual connectivity in the 4G cellular long-
term evolution (LTE) system. A linear analysis of disturbance
rejection properties, related to the control system of [45],
appears in [20], with a corresponding IQC stability analysis
including nonlinearities presented in [10]. The works of [10],
[20], [45] differ from the present paper in that other non-
linear effects affect the control systems and that the inner loop
controller of [40] is used. In addition, the stability analysis of
[45] is based on the Nyquist- and Popov-criteria, [39], applied
to a two path dual connectivity problem, rather than on the
more general IQC theory of [17], [23] that is applied here.
The time skew controller of [21] with a static reference value
adjustment instead of a dynamic outer skew control loop could
be modified to handle also the present control problem. In
[25] the motivation for time skew control from a networked
controller design perspective is discussed, based on a two path
dual connectivity system architecture using URLLC. It also
needs to be noted that the proposed controller is motivated by
simplicity and computational complexity considerations. More
advanced nonlinear controllers, e.g. based on model-predictive
control [15], may therefore improve performance.

The notation uses boldface characters to indicate vectors
and matrices. Whenever possible, dynamics is handled in the
Laplace transform domain, using quantities that are functions
of the Laplace variable s. When handling nonlinear transfor-
mations a switch to the time domain is required which is
stated directly in the paper. In addition, time domain signals
are marked with an inverted caret as ·f (t) where (t) indicates
dependence of time.

The paper is organized as follows. Section II introduces
the URLLC architecture. The proposed round trip time skew
controller is discussed in Section III, followed by the stability
analysis in Section IV. The control system is evaluated numer-
ically in Section V. Conclusions end the discussion in Section
VI.

II. 5G WIRELESS URLLC WITH MULTI-NODE
CONNECTIVITY

A. Networked URLLC Architecture

As discussed in the introduction, wireless 5G networks will
be used for a variety of feedback control applications, often
requiring an architecture that supports centralized closed loop
controllers operating on cloud servers. The introduction of
the model architecture of Fig. 1, where a controller node
is connected to several plant nodes over multiple wireless
interfaces served by multiple transmission nodes supports this
requirement. The controller node is thus able to control one or
more plants, connected to interface units denoted user equip-
ments (UEs) in Fig. 1. The controller node is connected to
the transmission nodes over network interfaces, implemented
with e.g. optical fiber, copper wire or wireless backhaul [30].
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Fig. 1. The architecture of the URLLC round trip time skew control system. The remaining parts indicate the underlying round trip time skew control layer.
A single plant node is shown in the figure, however the URLLC round trip time control architecture is designed to support several such nodes.

The transmission nodes each serve a wireless 5G interface
connecting to the plant node interface which is essentially the
radio interface of a 5G UE.

The URLLC application layer is marked with dashed boxes
and lines, and it is at this layer where plant controller com-
mands are sent from the plant controller to the plants and
where feedback signals are sent back from the plants to the
plant controller. The transmission of controller commands and
feedback information is performed unaware of the lower data
bearer layer details. Application controllers can therefore be
developed and deployed independently of the round trip time
skew controller functionality that is the subject here.

As stressed in the introduction the 5G wireless networks
are built on packet switched technology, meaning that delay
properties are much less guaranteed than in wired circuit
switched data connections. The function of the round trip
time skew controller discussed in the paper is therefore to
ensure that the lower layer data bearers offer services with
as low delay and jitter as possible to the application layer
feedback control system. This means that the round trip time
skew controller needs to measure the round trip delay over
each transmission node and regulate the time differences to
minimize the deviation from the time skew reference values.
At the same time the round trip delay needs to remain
close to the loop delay reference selected for the particular
feedback control application. Disturbances working against
this include varying network interface delays e.g. due to data
traffic related load variations, and varying wireless data rates
due to shadowing and fading over the 5G radio connections
[13], [32], [36], [44]. In addition, the loop delay itself makes
the control of the round trip time skew difficult.

The round trip time skew controller proposed in the paper
uses the wireless transmit data queues of Fig. 1 as actuators to
balance the round trip time of each data path of the connection
between the controller node and the plant node. The round trip
time skew control signals are the data rates by which data is
sent over each network interface to the corresponding transmit
data queue. In this way the dwell time of the data in each
transmit data queue is varied in the way needed to balance

the round trip time of each path. Note that the proposed
controller applies cascade control, with one inner round trip
time controller handling each path.

B. URLLC Requirements and Data Flow Control

There are multiple requirements on the URLLC architecture
of Fig. 1. Among these are a low enough error probability
and a sufficient capacity over the air interface, both of which
are related to dimensioning. These aspects are not discussed
further in this paper.

To motivate why control of delay and time skew as proposed
in the present paper is of central importance for 5G URLLC,
it is noted that a backbone of factory automation is currently
provided by industry standard fieldbuses that exploit wired
Ethernet connectivity [19]. The provided delay characteristics
are of very high quality. The synchronization and delay
characteristics of the isochronous data exchange modes of
the corresponding networks define control- and feedback-
signal exchange cycles as fast as a few hundred ¹s, with a
1 ¹s jitter level, c.f. the PROFINET IO [46]. The motion
controllers of industrial robots typically exploit such fieldbus
services. Impairments that prevent the 5G URLLC systems
from meeting at least parts of the state of the art wired
performance must therefore be addressed for 5G URLLC to
stay competitive. The impairments affecting the architecture
of Fig. 1 include internet delay and jitter over the network
interfaces. The transmit data queues needed to compensate
for the fading and thereby rapidly varying radio channel
capacity [13] contribute with packet queue dwell time induced
delay and jitter. These impairments typically dominate over
the wireless interface delays themselves [2]. In addition to
this, multi-point transmission as shown in Fig. 1 is needed in
factory environments to cover up for the very significant radio
shadowing at 5G frequency bands [31], [32], [44]. The delay
variations between different transmission paths then contribute
further to the jitter level. To meet the latency of 1 ms discussed
for URLLC [2], over the architecture of Fig. 1, it is therefore
concluded that time skew control is a highly relevant problem.
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A further reason why jitter control is important in this context
is that jitter at the data bearer layer translates to irregular
sampling at the application control layer. This means, for
example, that the exact relation between continuous time and
discrete time obtained with zero-order-hold (ZoH) sampling
[12] for linear systems is lost. The consequence is a need to
use more computationally intense time varying control - or
to add performance reducing error margins in the controller
design [25]. It is finally noted that the above requirements
are also relevant for application of 5G URLLC to the tactile
internet. The tactile internet is expected to include a variety of
wireless augmented reality and virtual reality functionality for
factory automation, construction, advanced gaming and remote
medical care [29]. A common requirement is then a round trip
latency well below 5 ms at the application layer.

The 5G URLLC architecture of Fig. 1 therefore needs delay
skew and delay control to secure at least the following general
requirements:

• The round trip delay, including the effect of jitter, should
be kept below a specified maximum value at the applica-
tion layer.

• The round trip time differences between transmission
paths at the application layer, including jitter, should be
controlled towards specified values.

For very stringent round trip delay requirements the solution
may require that the controller node and the transmission
node be co-located. In many cases the controller node and
the transmission nodes will however be connected with a
network interface as depicted in Fig. 1. In this situation,
stringent time skew control solves a number of practical
problems. First, since the network interfaces would typically
be internet interfaces that also carry other types of packet data
traffic for multiple users [36], the associated network interface
delay may change with the load thereby affecting the above
two objectives. Another problem is that the technology used
for the network interfaces may differ between transmission
nodes, leading to very different nominal associated delays [30],
[36]. In such situations the deployment could become more
complicated by the need to adjust network interface delays
against each other. The paper therefore proposes the use of
automatic round trip time skew control, using the transmit data
queues to control the round trip latency and round trip time
skew according to the above two requirements. The details of
the MIMO round trip time skew controller are described in
the following section.

III. ROUND TRIP TIME SKEW CONTROL

A. MIMO Cascade Control Architecture

A block diagram of the proposed MIMO round trip time
skew controller appears in Fig. 2, which shows the general
case with n + 1 transmission nodes and data paths. One of
these data paths is selected as the reference data path, marked
with the subscript r . As is evident from the block diagram, the
use of MIMO cascade control is proposed. The outer MIMO
round trip time skew controller thus controls reference round
trip time values, which are applied to the n + 1 inner loops
that control the round trip time of their respective data path,

using a single-input-single-output (SISO) inner loop controller
discussed below. All parts of the MIMO round trip time
skew controller are located in the controller node, while the
SISO inner loops are divided between the controller node and
the transmission nodes depicted in Fig. 1. The transmit data
queues are the entities that are manipulated for control of the
round trip time skews between the data paths.

Remark 1: Note that control of different dynamic properties
of a plant may require different bandwidths, thereby tolerating
different loop delays. One solution in such situations could
be to guarantee different round trip times over different data
paths. In such situations it is not sufficient with a single round
trip time skew reference value, set to zero. Instead, non-zero
time skews would be needed, which is allowed here. Note also
that the reference values need not be constants. One particular
extension would be to apply extremum control [1] for on-line
minimization of the total delay budget. In such a case the
corresponding reference signal would become time varying.

B. Outer Loop

To describe the outer loop the round trip time skew control
errors are first computed as

e skew;i(s) = T ref
RTT;skew;i(s)¡ T RTT;skew;i(s) i = 1; :::; n:

(1)
Here T ref

RTT;skew;i(s) is the round trip time skew reference
and T RTT;skew;i(s) is the measured time skew of the i th data
path as compared to the reference path r . This time skew is
obtained from feedback information delivered to the controller
node by the inner loops, as described below. Since there are
n+1 degrees of freedom, one for each data path, an additional
control loop addressing the sum of the round trip times of the
data paths is needed. The corresponding error is obtained as

e sum (s) = T ref
RTT;sum (s)¡ T RTT;sum (s); (2)

where T ref
RTT;sum (s) is the reference signal for the sum of

round trip times and where T RTT;sum (s) is the measured sum
of the round trip times of the n + 1 data paths. The quantity
T ref

RTT;sum (s) can be thought of as a delay budget, available
for distribution between the data paths. Some of this delay
is consumed by the network interface and wireless interface
delays, but the remaining amount of delay is available for
distribution between the transmit data queues, to meet the
round trip time skew control objective. The following example
explains the idea:

Example 1: Assume that the delays of the network interface,
the wireless interface and the UE amounts to 3:5 ms for
transmission node 1 and 2:0 ms for transmission node 2.
By allowing a total round trip time delay budget of 10:0
ms, by setting T ref

RTT;sum (s) = 10:0 ms, and by setting
T ref

RTT;skew(s) = 0:0 ms, the round trip time skew controller
may solve a feasible control problem by steering towards the
unique transmit data queue delays of 1:5 ms for node 1, and
3:0 ms for node 2. It is easily seen that the controller will be
able to adjust the delay distribution using positive transmit data
queue delays as long as the sum of the other interface delays
does not exceed 5:0 ms, for any of the two data paths. If that
no longer holds, the control problem becomes infeasible.
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Fi g. 2. T h e r o u n d tri p ti m e s k e w c o ntr ol l o o p, f or a n ar bitr ar y n u m b er of tr a ns missi o n n o d es. T h er e is o n e i n n er l o o p c o ntr oll er f or e a c h tr a ns missi o n n o d e.

T h e c o ntr ol err ors ar e f urt h er pr o c ess e d b y s c al ar f e e d b a c k
c o ntr ol filt ers t o pr o d u c e t h e c o ntr ol si g n als u s k e w, i (s ), i =
1 , ..., n, a n d u s u m (s ) t h at pr o vi d e t h e i n p ut t o t h e d e c o u pli n g
m atri x bl o c k M . T h e c o ntr ol si g n als ar e gi v e n b y

u s k e w, i (s ) = C R T T , s k e w, i (s )e s k e w, i (s ), i = 1 , ..., n, ( 3)

u s u m (s ) = C R T T , s u m (s )e s u m (s ). ( 4)

H er e t h e d esi g n of t h e c o ntr oll er filt ers C R T T , s k e w, i (s ), i =
1 , ..., n, a n d C R T T , s u m (s ) is dis c uss e d i n d et ail i n s e cti o n
V. It c a n b e n ot e d t h at m ost s c al ar li n e ar d esi g n t e c h ni q u es
ar e i m m e di at el y a p pli c a bl e, si n c e t h e st ati c d e c o u pli n g m atri x
c o m bi n es t h e c o ntr ol si g n als u s k e w, i (s ), i = 1 , ..., n a n d
u s u m (s ) b y a li n e ar m a p pi n g t h at d e c o u pl es t h e d at a p at hs
st ati c all y u n d er ass u m pti o ns dis c uss e d i n t h e f oll o wi n g s u b-
s e cti o n. T h e o ut p uts fr o m t h e d e c o u pli n g m atri x M c o nsists
of t h e f oll o wi n g n + 1 si g n als

x i (s ) =
n

k = 1

m i, k u s k e w, k (s ) + m i, n + 1 u s u m (s ), i = 1 , ..., n,

( 5)

x r (s ) =
n

k = 1

m n + 1 , k u s k e w, k (s ) + m n + 1 , n+ 1 u s u m (s ), ( 6)

w h er e m i, k d e n ot es a m atri x el e m e nt of M . Si n c e t h es e si g n als
ar e i nt e n d e d t o pr o vi d e t h e r ef er e n c e r o u n d tri p ti m es t o t h e
i n n er l o o p c o ntr oll ers, t h e y ar e first c o nstr ai n e d t o b e n o n-
n e g ati v e a n d b o u n d e d. N ot e t h at a s wit c h t o t h e ti m e d o m ai n
is n e e d e d t o d e fi n e t h e tr a nsf or m ati o ns t h at ar e gi v e n b y

Ť r e f
R T T , i (t) = m a x( 0 .0 , mi n( ˇx i (t), T r e f

m a x, i ))

= s at i ( x̌ i (t)) , i = 1 , ..., n, ( 7)

Ť r e f
R T T , r (t) = m a x( 0 .0 , mi n( ˇx r (t), T r e f

m a x, r )) = s at r ( x̌ r (t)) .
( 8)

H er e T r e f
m a x, i , i = 1 , ..., n a n d T r e f

m a x, r ar e t h e m a xi m u m
r ef er e n c e v al u es a p pli e d f or t h e i n n er l o o ps.

T h e r ef er e n c e si g n als of ( 7) a n d ( 8) pr o vi d e t h e i n p ut t o t h e
n + 1 i n n er l o o ps. As s e e n fr o m t h e o ut er l o o p t h es e i n n er l o o ps
ar e m o d el e d as li n e ar filt ers G i n n e r

w i n d o w, i (s ), i = 1 , ..., n a n d
G i n n e r

w i n d o w, r (s ), e x pl oiti n g ass u m pti o ns dis c uss e d i n s u bs e cti o n
III. D. H er e it is s uf fi ci e nt t o n ot e t h at t h e i n n er l o o ps pr o vi d e
t h e o ut p ut r o u n d tri p ti m es

T R T T , i (s ) = G i n n e r
w i n d o w, i (s )T r e f

R T T , i (s ), i = 1 , ..., n, ( 9)

T R T T , r (s ) = G i n n e r
w i n d o w, r (s )T r e f

R T T , r (s ). ( 1 0)

T h e fi n al st e p of t h e o ut er l o o p is t h e f or m ati o n of t h e r o u n d
tri p ti m e s k e w a n d s u m f e e d b a c k si g n als, gi v e n b y

T R T T , s k e w, i (s ) = T R T T , i (s ) − T R T T , r (s ), i = 1 , ..., n, ( 1 1)

T R T T , s u m (s ) =
n

i = 1

T R T T , i (s ) + T R T T , r (s ). ( 1 2)

C. St ati c D e c o u pli n g

T h e us e of n + 1 s c al ar li n e ar c o ntr oll er filt ers b uil ds o n
t h e ass u m pti o n t h at t h e c o ntr ol of t h e d at a p at hs c a n b e
r e as o n a bl y w ell d e c o u pl e d. T h e a p pr o a c h h er e is t o d eri v e
a st ati c d e c o u pli n g, a p pli c a bl e w h e n t h e r o u n d tri p ti m e s k e w
c o ntr ol l o o p is d esi g n e d wit h a si g ni fi c a ntl y l o w er b a n d wi dt h
t h a n t h e i n n er l o o ps. I n or d er t o d eri v e t h e st ati c d e c o u pli n g
m atri x M t h e f oll o wi n g t e c h ni c al ass u m pti o n is n e e d e d:

A 1)  T h e d w ell ti m e r ef er e n c e r estri cti o n t o n o n- n e g ati v e
v al u es is st ati c all y i n a cti v e.

It is str ess e d A 1 is i ntr o d u c e d o nl y t o m oti v at e t h e st ati c
d e c o u pli n g, t h e s at ur ati o ns of ( 7) a n d ( 8) ar e r et ai n e d i n all
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other parts of the paper. In particular, note that the simulations
and the IQC stability analysis consider the combined effect of
static decoupling and saturations without A1, as implied by
the conditions of Theorem 2. The question of how well the
static decoupling works in the dynamic case is addressed by
simulations and by the IQC stability analysis in Section V.

Remark 2: It was noted in example 1 that T ref
RTT;sum (s)

needs to be large enough for the round trip time control
problem to be feasible. In static cases A1 can then be expected
to hold. In case T ref

RTT;sum (s) is selected to be sufficiently
large, the margin to negativity will be large enough for A1
to hold also in the dynamic case, as long as the closed loop
system remains stable. However, selection of a T ref

RTT;sum (s)
value which is too large leads to a correspondingly larger loop
delay which may be negative for the application controller
performance. Therefore the tuning of T ref

RTT;sum (s) is a com-
promise, which implies that the saturation may well be active
in the dynamic case. This is a main motivation for the IQC
stability analysis of the paper.

To derive M , the following matrix relations are introduced,
using A1, (5), (6), (9) and (10)-(12),

0
BBB@

x 1 (s)
...

x n(s)
x r(s)

1
CCCA = M

0
BBB@

uskew;1 (s)
...

uskew;n(s)
usum (s)

1
CCCA ; (13)

0
BBB@

T RTT;1 (s)
...

T RTT;n(s)
T RTT;r(s)

1
CCCA

=

0
BBB@

G inner
window;1 (s) 0 0 0

0
. . . 0 0

0 0 G inner
window;n(s) 0

0 0 0 G inner
window;r(s)

1
CCCA

£

0
BBB@

x 1 (s)
...

x n(s)
x r(s)

1
CCCA = G inner

window(s)

0
BBB@

x 1 (s)
...

x n(s)
x r(s)

1
CCCA ; (14)

0
BBB@

T RTT;skew;1 (s)
...

T RTT;skew;n(s)
T RTT;sum (s)

1
CCCA =

0
BBB@

1 0 0 ¡1

0
. . . 0 ¡1

0 0 1 ¡1
1 1 1 1

1
CCCA

£

0
BBB@

T RTT;1 (s)
...

T RTT;n(s)
T RTT;r(s)

1
CCCA = F

0
BBB@

T RTT;1 (s)
...

T RTT;n(s)
T RTT;r(s)

1
CCCA : (15)

Above 0 and 1 denote vectors or triangular matrix blocks
with dimensions that are obvious from their location in the

matrices they define. An insertion of (13) in (14), followed by
an insertion of the result in (15) results in
0
BBB@

T RTT;skew;1 (s)
...

T RTT;skew;n(s)
T RTT;sum (s)

1
CCCA = FG inner

window(s)M

0
BBB@

uskew;1 (s)
...

uskew;n(s)
usum (s)

1
CCCA :

(16)
Next, the static situation is addressed under the assumption

of perfect inner loops, i.e.
A2) G inner

window;i(0) = 1, i = 1; :::; n and G inner
window;r(0) =

1.
The assumption A2 is motivated by the cascade structure of
the round trip time skew control system.

It now follows from Fig. 2, A1, A2 and (16) that the
round trip time and round trip time sum control loops become
statically decoupled whenever

FM = In+1 ; (17)

where In+1 is the identity matrix of order n + 1. The matrix
F can be analytically inverted to give the result:

Theorem 1: Assume that A1 and A2 hold for the round trip
time skew control system of Fig. 2. The n + 1 control loops
then become statically decoupled if

M =
1

n + 1

0
BBBBBBBB@

n ¡1 ¢ ¢ ¢ ¢ ¢ ¢ ¡1 1
¡1 n ¡1 ¢ ¢ ¢ ¡1 1

...
. . . . . . . . . ¡1 1

...
...

. . . . . . ¡1 1
¡1 ¢ ¢ ¢ ¢ ¢ ¢ ¡1 n 1
¡1 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¡1 1

1
CCCCCCCCA

:

D. Inner Loop

One instance of the inner round trip time control loop is
depicted in Fig. 3. That control system is discussed in detail
in [43] and the discussion here is limited to arrive at the
assumptions leading to the transfer function model of the inner
loops of Fig. 2. The reader is referred to [43] for further details.
The transmission node indices are dropped in the discussion
of the details of the inner loop.

As can be seen in Fig. 3, the inner loop controller is located
in the controller node. It produces rate control commands that
result in a transmission of data items with this rate, over the
network interface to the transmission node, where the data
ends up in the transmit data queue. The data item is then sent
over the wireless interface to the UE. If it is correctly received
a corresponding acknowledgement message is sent back from
the UE over the wireless interface to the transmission node,
from which it is sent back to the controller node to complete
the inner loop data flow. Here the term ‘data item’ is used to
allow a simultaneous discussion of the practical handling of
data in terms of internet packets [36], and the modeling of the
control loop dynamics where data items are to be interpreted
as bits.

The inner loop control algorithm of Fig. 3 is a window
based algorithm that controls the number of data items that are
in flight as counted from the controller node to the UE, and
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Fi g. 3. T h e r o u n d tri p ti m e i n n er c o ntr ol l o o p, usi n g d at a i n fli g ht f e e d b a c k.

f or t h e c orr es p o n di n g a c k n o wl e d g e m e nt b a c k, o v er a s p e ci fi c
tr a ns missi o n n o d e. T o d e fi n e t h e i nt erf a c e b et w e e n t h e i n n er
a n d o ut er l o o ps t h e ti m e a n d L a pl a c e d o m ai ns b ot h n e e d t o
b e i n v ol v e d. T h e i nt erf a c e t o t h e o ut er l o o p is a c c o m plis h e d
b y a m ulti pli c ati o n of t h e d w ell ti m e r ef er e n c e v al u e Ť r e f

R T T (t)
b y t h e s c h e d ul e d wir el ess r at e o v er t h e air i nt erf a c e, w̌ a i r (t),
t o o bt ai n t h e r ef er e n c e v al u e f or t h e n u m b er of d at a it e ms i n
fli g ht as

y r e f (s ) = L Ť r e f
R T T (t) ˇw a i r (t − T ul, N ) , ( 1 8)

w h er e L (·) d e n ot es L a pl a c e tr a nsf or m ati o n a n d w h er e T ul, N

is t h e n et w or k i nt erf a c e d el a y fr o m t h e tr a ns missi o n n o d e t o
t h e c o ntr oll er n o d e. At t h e o ut p ut, t h e i n v ers e tr a nsf or m ati o n

Ť R T T (t) =
L − 1 (y (s ))

w̌ a i r (t − T ul , N )
( 1 9)

tr a nsf or ms t h e c urr e nt n u m b er of d at a it e ms i n fli g ht, y (s ), t o
t h e c orr es p o n di n g ti m e, t his b ei n g t h e r o u n d tri p ti m e.

T h e tr a nsf or m ati o n ( 1 9) c a n of c o urs e als o b e o bt ai n e d b y
k e e pi n g tr a c k of t h e tr a ns missi o n ti m e of e a c h d at a it e m s e nt
i n t h e d o w nli n k, t h e bl o c k di a gr a m i nt e n ds t o ill ustr at e t h e
diff er e n c e b et w e e n t h e ti m e i n v ari a nt a n d ti m e v ar yi n g p arts
of t h e i n n er l o o p. It s h o ul d b e n ot e d t h at t h e d y n a mi cs of
t h e tr a ns mit d at a q u e u e is n ot a p art of t h e a ct u al f e e d b a c k
l o o p of [ 4 3]. T h e r e as o n is t h at t h e st at e v ari a bl e d e fi ni n g t h e
l o o p g ai n is r at h er t h e d at a it e m n u m b er. T h er ef or e it is t h e
d el a y of t h e tr a ns mit d at a q u e u e t h at is a p art of t h e c o ntr ol
l o o p m o d el. T h e q u e u e g e n er at es t his d el a y, t h er e b y b ei n g a n
i n dir e ct p art of t h e ti m e v ar yi n g p art of t h e i n n er l o o p.

T o d es cri b e t h e i n n er c o ntr ol l o o p i n s o m e d et ail t h e c o ntr ol
err or is f or m e d as

e (s ) = y r e f (s ) − y (s ). ( 2 0)

T h e i n n er l o o p c o ntr oll er tr a nsf er f u n cti o n C (s ) t h e n pr o d u c es
t h e d at a r at e c o ntr ol si g n al

u (s ) = C (s )e (s ). ( 2 1)

Si n c e t h e d at a r at e is n o n- n e g ati v e ( d at a it e ms ar e n ot s e nt
b a c k) a n d li mit e d b y t h e c a p a cit y of t h e n et w or k i nt erf a c e
c h a n n el [ 1 3], a s at ur ati o n is us e d t o g e n er at e t h e d at a r at e
b y w hi c h d at a it e ms ar e s e nt o v er t h e wir el ess i nt erf a c e. T h e
s at ur ati o n is gi v e n b y

ˇ̄u ( t) = ϕ ( ǔ ( t)) =






k u m a x , ǔ ( t) ≥ u m a x

k ǔ ( t) , um i n < ǔ ( t) < u m a x

k u m i n , ǔ ( t) ≤ u m i n

( 2 2)

w h er e k is t h e g ai n, u m i n is t h e l o w er s at ur ati o n li mit
(t y pi c all y 0 .0 ) a n d u m a x is t h e u p p er s at ur ati o n li mit. T h e
si g n al ū ( s ) is t h e n i nt e gr at e d t o pr o vi d e t h e c o u nt of t h e d at a
it e m n u m b er ( h er e t y pi c all y t h e n u m b er of t h e bit) t h at is
c urr e ntl y s e nt o v er t h e n et w or k i nt erf a c e. T his c urr e nt d at a
it e m ( bit) n u m b er is d e n ot e d ν̄ ( s ) a n d it is o bt ai n e d as

ν̄ ( s ) =
1

s + δ
ū ( s ). ( 2 3)

T h e l e a k a g e f a ct or δ > 0 o c c urs si n c e a s o c all e d a cti v e
q u e u e m a n a g e m e nt al g orit h m ( A Q M) [ 3 6] m a y b e o v erl ai d,
t o i m pr o v e e n d t o e n d tr a ns missi o n c o ntr ol pr ot o c ol ( T C P)
p erf or m a n c e o v er t h e i nt er n et. A Q M o p er at es b y i nt e nti o n all y
dis c ar di n g p a c k ets w h e n t h e tr a ns mit d at a q u e u e c o nt e nts b e-
c o m es t o o l ar g e, t h er e b y i ntr o d u ci n g a d diti o n al T C P f e e d b a c k
n o n- a c k n o wl e d g e m e nt m ess a g es t h at r e d u c e t h e r o u n d tri p
e n d-t o- e n d l at e n c y, b et w e e n t h e i nt er n et d at a s o ur c e a n d t h e
e n d us er. T h e d eri v ati o n of t h e l e a k a g e m o d el t h at aff e cts
t h e c o ntr oll er n o d e, t h e tr a ns missi o n n o d e a n d t h e tr a ns mit
d at a q u e u e d y n a mi cs a p p e ars i n [ 4 3] a n d is n ot r e p e at e d h er e.
T h e i n c o mi n g d at a it e m n u m b er of t h e tr a ns mit d at a q u e u e,
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ν q u e u e (s ) is o bt ai n e d fr o m t h e d at a r at e si g n al ū ( s ), d el a y e d
o v er t h e n et w or k i nt erf a c e b y T dl, N , b y l e a k y i nt e gr ati o n as

ν q u e u e (s ) =
1

s + δ
e − s T d l , N ū ( s ) . ( 2 4)

T h e tr a ns mit d at a q u e u e d el a y, T q u e u e , is m o d el e d as a
c o nst a nt h er e, si mil arl y t o t h e ot h er d el a ys of t h e i n n er l o o p.
T his is m oti v at e d b y t h e f a ct t h at t h e st a bilit y a n al ysis of [ 4 3]
r e q uir es s u c h ass u m pti o ns, a n d si n c e t h e us e of st a bl e i n n er
l o o p c o ntr oll ers is a m ai n i d e a of t h e o v er all r o u n d tri p ti m e
s k e w c o ntr oll er d esi g n. T h e r e q uir e d ass u m pti o n is

A 3) T dl, N , T q u e u e , T dl, W , T U E , T ul, W a n d T ul, N ar e
c o nst a nt.

H er e T dl, W is t h e d o w nli n k wir el ess d el a y, T U E is t h e U E
pr o c essi n g d el a y a n d T ul, W is t h e u pli n k wir el ess d el a y.

T h e v ali dit y of t h e ass u m pti o n A 3 f or e a c h s e p ar at e d el a y
n e e ds f urt h er c o m m e nts. T h e ass u m pti o ns o n t h e n et w or k
i nt erf a c e d el a ys T dl, N a n d T ul, N ar e r e as o n a bl e, at l e ast i n
c as es wit h o ut l ar g e l o a ds a n d n et w or k i nt erf a c e c o n g esti o n.
T h e wir el ess i nt erf a c es T dl, W a n d T ul, W ar e d esi g n e d t o b e
s m all a n d i n t h e s u b- m s r e gi o n i n 5 G, als o i n c as e of r e-
tr a ns missi o n [ 1 3]. T h e y ar e t h er ef or e t y pi c all y c o nst a nt a n d
n e v er d o mi n ati n g. T h e s a m e is tr u e f or t h e U E pr o c essi n g
d el a y, T U E . T h e e x c e pti o n is t h e tr a ns mit d at a q u e u e d el a y,
T q u e u e , w hi c h is d e p e n d e nt o n t h e s c h e d ul e d wir el ess r at e
a n d t h e c o m m a n d e d i n p ut d at a r at e. I n pr a cti c e t h e q u e u e
d el a y will t h er ef or e n ot b e c o nst a nt. H o w e v er, si n c e i) t h e
i n n er l o o p c o ntr oll er c o ntr ols Ť R T T (t), ii) t h e ot h er d el a ys of
t h e i n n er l o o p ar e t y pi c all y cl os e t o c o nst a nt, iii) t h e c as c a d e
c o ntr ol m a k es t h e v ari ati o n of Ť r e f

R T T (t) sl o w as c o m p ar e d t o
t h e i n n er l o o p d y n a mi cs, it c a n b e ar g u e d t h at t h e i n n er l o o p
c o ntr oll er its elf t e n ds t o o p er at e t o k e e p T q u e u e c o nst a nt. T his
ar g u m e nt ati o n s h o ws t h at t h e m o d el wit h c o nst a nt d el a ys, as
st at e d b y A 3, is n ot a n u nr e as o n a bl e o n e. T h e r e a d er is r ef err e d
t o [ 4 3] f or f urt h er d et ails o n t h e m o d eli n g of T q u e u e .

F oll o wi n g t h e l o o p b a c k t o t h e c o ntr oll er n o d e n o w r es ults
i n t h e e q u ati o n

ν (s ) =
1

s + δ
e − s ( T d l , N + T q u e u e + T d l , W + T U E + T u l , W + T u l , N ) ū ( s ) .

( 2 5)
w h er e ν (s ) d e n ot es t h e d at a it e m n u m b er (t h e bit n u m b er)
of t h e l at est a c k n o wl e d g e d d at a it e m c orr e ctl y r e c ei v e d i n t h e
U E. T h e diff er e n c e

y (s ) = ν̄ ( s ) − ν (s ) ( 2 6)

is t h e f e e d b a c k si g n al, r e pr es e nti n g t h e n u m b er of d at a it e ms
i n fli g ht. I ns erti o n of ( 2 3) a n d ( 2 5) i n t his e x pr essi o n r es ults
i n

y (s ) =
1

s + δ

1 − e − s ( T d l , N + T q u e u e + T d l , W + T U E + T u l , W + T u l , N ) ū ( s ) .

( 2 7)
T h e li n e ar l o o p g ai n of Fi g. 3, fr o m ū ( s ) t o − u (s ), t h e n
f oll o ws b y a m ulti pli c ati o n wit h t h e tr a nsf er f u n cti o n C (s )
of t h e i n n er l o o p c o ntr oll er t o gi v e

ĝ ( s )

=
C (s )

s + δ
1 − e − s ( T d l , N + T q u e u e + T d l , W + T U E + T u l , W + T u l , N ) .

( 2 8)
T o g et h er wit h t h e st ati c n o nli n e arit y of ( 2 2), t his d e fi n es t h e
i n n er cl os e d l o o p d y n a mi cs. T h e str u ct ur e of t h e l o o p a n d t h e
i n fi nit e di m e nsi o n al li n e ar l o o p g ai n s u g g est t h at i n p ut- o ut p ut
st a bilit y t h e or y is a p pli c a bl e t o t h e i n n er c o ntr ol l o o p [ 3 9].
T his st a bilit y a n al ysis r e v e als t h e f oll o wi n g m aj or r e as o n f or
t h e us e of t h e n o nli n e ar i n n er l o o p c o ntr oll er of Fi g. 3,

L e m m a 1 ( T h e or e m 2 of [ 4 3]): C o nsi d er t h e c o ntr ol s ys-
t e m d e fi n e d b y Fi g. 3 i n t h e c as e of pr o p orti o n al c o n-
tr ol. Ass u m e t h at t h e c o n diti o ns A 1- A 5 of [ 4 3] h ol d. T h e n,
i n c as e δ → 0 , t h e c o ntr ol s yst e m o b e ys t h e P o p o v
i n e q u alit y, w hi c h i m pli es t h at t h e c o ntr ol s yst e m of Fi g.
3 is as y m pt oti c all y (i n δ ) gl o b all y L 2 -st a bl e f or all d e-
l a ys { T dl, N , Tq u e u e , Tdl, W , TU E , Tul, W , Tul, N } a n d pr o p or-
ti o n al c o ntr oll er g ai ns C > 0 .

Pr o of: S e e [ 4 3].
T h e i n n er l o o p c o ntr oll er t h us h as cl os e t o p erf e ct st a bilit y

pr o p erti es, i n c as e pr o p orti o n al c o ntr ol is a p pli e d.
I n or d er t o a p pl y a str ai g htf or w ar d li n e ar d esi g n m et h o d

t o d et er mi n e t h e ti m e s k e w a n d ti m e s u m c o ntr oll er filt ers
C R T T , s k e w, i (s ), i = 1 , ..., n, a n d C R T T , s u m (s ) of t h e o ut er
l o o p, i n n er l o o p tr a nsf er f u n cti o ns n e e d t o b e a v ail a bl e. T h e
i n n er l o o p c o ntr oll ers ar e h o w e v er n ot li n e ar. T o all o w s u c h a
li n e ar d esi g n of t h e o ut er l o o p, t h e f oll o wi n g a p pr o xi m ati o n
n e e ds t o b e i ntr o d u c e d:

A 4)  T h e s at ur ati o n ( 2 2) c a n b e r e pl a c e d b y L (k ǔ ( t))
w h e n G i n n e r

w i n d o w, i (s ), i = 1 , ..., n a n d G i n n e r
w i n d o w, r (s )

ar e c o m p ut e d.

A n a d diti o n al r e as o n w h y t h e ass u m pti o n A 4 is m a d e is t h at
t h e I Q C st a bilit y a n al ysis of S e cti o n I V c a n n ot h a n dl e ar bi-
tr aril y c as c a d e d n o nli n e ariti es. T h er ef or e t h e st a bilit y a n al ysis
n e e ds t o b e r estri ct e d t o eit h er a tr e at m e nt of t h e s at ur ati o ns
of t h e r ef er e n c e si g n als gi v e n b y ( 7) a n d ( 8), or t o a tr e at m e nt
of t h e i n n er l o o p n o nli n e ariti es of ( 2 2). T h e c h oi c e of t h e
p a p er is e x pr ess e d b y A 4. It c a n als o b e n ot e d t h at t h e g e n er al
ass u m pti o n u n d er pi n ni n g t h e c as c a d e c o ntr ol p ar a di g m is t h at
t h e i n n er l o o p c o ntr oll ers c a n b e tr e at e d as i d e al as s e e n fr o m
t h e o ut er l o o p. T h e ass u m pti o n A 4 is t h us i n li n e wit h t h e
c as c a d e c o ntr ol p ar a di g m, i n t h e s e ns e t h at t h e i n n er l o o ps
c a n b e m o d el e d wit h i d e ali z e d m o d els.

Usi n g ( 2 7) t o g et h er wit h A 4 a n d Fi g. 3 t h e n i m m e di at el y
gi v es

G i n n e r
w i n d o w, i (s )

=
k i C i (s ) 1 − e − s T R T T , i

s + δ i + k i C i (s ) ( 1 − e − s T R T T , i )
, i = 1 , ..., n, ( 2 9)

G i n n e r
w i n d o w, r (s )

=
k r C r (s ) 1 − e − s T R T T , r

s + δ r + k r C r (s ) ( 1 − e − s T R T T , r )
. ( 3 0)

H er e

T R T T , i = T dl, N, i + T q u e u e, i + T dl, W, i + T U E , i

+ T ul, W, i + T ul, N, i , i = 1 , ..., n, ( 3 1)
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T R T T , r = T dl, N, r + T q u e u e, r + T dl, W, r + T U E , r

+ T ul, W, r + T ul, N, r . ( 3 2)

E. N o nli n e ar MI M O R o u n d Tri p Ti m e S k e w C o ntr ol M o d el

A pr er e q uisit e f or t h e I Q C st a bilit y a n al ysis of s e cti o n I V
is t o tr a nsf or m t h e c o ntr ol l o o p of Fi g. 2 i nt o t h e st a n d ar d
r e pr es e nt ati o n t h at is us e d f or I Q C a n al ysis. T his is d o n e f or
t h e c as e w h er e t h e s at ur ati o ns of t h e i n n er l o o ps ar e i n a cti v e.
T his is i n li n e wit h t h e c as c a d e c o ntr ol p ar a di g m of t h e p a p er,
all o wi n g t h e i n n er l o o ps t o b e i d e ali z e d. It is str ess e d t h at it
is n ot ass u m e d t h at t h e d e c o u pli n g o p er at es as i nt e n d e d, t h at
is a c o ntr oll er d esi g n ass u m pti o n l e a di n g t o t h e di a g o n al ti m e
s k e w c o ntr oll er filt er ( 3 7). N ot e t h e d e p e n d e n c e o n b ot h t a n d
s n e e d t o b e us e d b el o w.

T h e r el e v a nt I Q C t h e or e ms h ol d f or t h e MI M O cl os e d l o o p
s yst e m

x (s ) = G (s )T r e f
R T T (s ) + e (s )

Ť r e f
R T T (t) = ∆ x̌ ( t) ,

( 3 3)

cf. [ 1 7]. I n ( 3 3) G (s ) is a pr o p er tr a nsf er f u n cti o n m atri x wit h
n o p ol es i n t h e ri g ht h alf pl a n e, w hil e e (s ) is a n e xt er n al v e ct or
si g n al t h at is c al c ul at e d b el o w. T h e i nt er n al v e ct or si g n als
x̌ ( t) a n d Ť r e f

R T T (t) ar e als o c al c ul at e d b el o w. Fi n all y ∆ is
a b o u n d e d a n d c a us al o p er at or.

T h e v e ct or si g n al x (s ) is d e fi n e d b y

x (s ) = ( x 1 (s ) · · · x n (s ) x r (s ))
T

. ( 3 4)

Si mil arl y t h e i nt er n al si g n al T r e f
R T T (s ) is d e fi n e d b y

T r e f
R T T (s ) = T r e f

R T T , 1 (s ) · · · T r e f
R T T , n (s ) T r e f

R T T , r (s )
T

.

( 3 5)
Wit h t h es e d e fi niti o ns G (s ) r e pr es e nts t h e li n e ar m atri x l o o p
g ai n of Fi g. 2, w hil e t h e o p er at or ∆ i n cl u d es t h e eff e ct of
t h e s at ur ati o n i n t h e o ut er l o o p, b uilt u p fr o m ( 7) a n d ( 8).
T h er ef or e, t h e b o u n d e d o p er at or ∆ is gi v e n b y

∆ x̌ ( t) =








s at 1 ( x̌ 1 (t)) 0 0 0

0
... 0 0

0 0 s at n ( x̌ n (t)) 0
0 0 0 s at r ( x̌ r (t))








.

( 3 6)
T h e n e xt st e p is t o d eri v e G (s ). T o d o s o, us e is m a d e of
m atri c es F a n d M gi v e n b y ( 1 5) a n d T h e or e m 1. N e xt, t h e
a p pli c ati o n of d e c o u pli n g a n d t h e s e p ar at e d d esi g n of t h e
ti m e s k e w/s u m c o ntr oll er filt er of e a c h c h a n n el, l e a ds t o t h e
f oll o wi n g ti m e s k e w c o ntr oll er filt er m atri x

C s k e w (s ) =







C R T T , s k e w, 1 (s ) 0 0 0

0
... 0 0

0 0 C R T T , s k e w, n (s ) 0
0 0 0 C R T T , s u m (s )








( 3 7)
F oll o wi n g t h e MI M O l o o p c o u nt er- cl o c k wis e fr o m x (s ) t o

T r e f
R T T (s ), usi n g C s k e w (s ) a n d G i n n e r

w i n d o w (s ) gi v e n b y ( 3 7) a n d
( 1 4), r es p e cti v el y, t h e n gi v es

x (s ) = − M C s k e w (s )F G i n n e r
w i n d o w (s )T r e f

R T T (s )

+ M C s k e w (s )T r e f
s k e w (s ), ( 3 8)

w h er e

T r e f
s k e w (s ) =

T r e f
R T T , s k e w, 1 (s ) · · · T r e f

R T T , s k e w, n (s ) T r e f
R T T , s u m, r (s )

T

.

( 3 9)
A c o m p aris o n t o ( 3 3) t h e n gi v es t h e f oll o wi n g li n e ar MI M O

l o o p g ai n a n d t h e e xt er n al si g n al v e ct or:

G (s )  = − M C s k e w (s )F G i n n e r
w i n d o w (s ), ( 4 0)

e (s )  = M C s k e w (s )T r e f
s k e w (s ). ( 4 1)

All q u a ntiti es n e e d e d f or t h e I Q C st a bilit y a n al ysis ar e n o w
d e fi n e d.

I V. S T A B I L I T Y A N A L Y S I S U S I N G I N T E G R A L Q U A D R A T I C

C O N S T R A I N T S

Si n c e t h e ti m e s k e w c o ntr ol s yst e m c o nt ai ns d el a ys it
is i n fi nit e di m e nsi o n al. A stri n g e nt tr e at m e nt of t h e d el a ys
t h er ef or e r ul es o ut st at e s p a c e b as e d L y a p u n o v m et h o ds f or
st a bilit y a n al ysis of d at a fl o w d el a y c o ntr ol s yst e ms. I nst e a d,
i n p ut- o ut p ut st a bilit y b as e d m et h o ds, as pi o n e er e d i n [ 4 7],
[ 4 8], c a n b e us e d, as i n t h e SI S O d el a y c o ntr ol c as es of [ 4 0],
[ 4 1], [ 4 2]. L o o p tr a nsf or m ati o ns all o w a tr e at m e nt of s o m e
d u al-i n p ut- d u al- o ut p ut ti m e s k e w c o ntr ol c as es as w ell, c.f.
[ 2 5] a n d [ 4 5]. M or e r e c e ntl y, I Q C a n al ysis w as us e d t o a n al ys e
t h e g e n er al MI M O n o nli n e ar ti m e d el a y s yst e m of ( 3 3) [ 1 7].
T h e I Q C m et h o d is t h er ef or e c h os e n f or t h e st a bilit y a n al ysis
of t h e pr es e nt p a p er.

T h e I Q C st a bilit y a n al ysis is p erf or m e d i n a n u m b er of
st e ps. First t h e r e q uir e d d e fi niti o ns a n d t h e b asi c r es ult of
[ 1 7] ar e st at e d. S e c o n dl y, ass u m pti o ns o n t h e c o m p o n e nts of
t h e s k e w c o ntr ol s yst e m of Fi g. 2 a n d Fi g. 3 ar e i ntr o d u c e d.
Fi n all y, t h e b asi c r es ult of [ 1 7] is us e d t o f or m ul at e T h e or e m
2 b el o w. N ot e t h at t h e MI M O m o d el of s e cti o n III. E is d eri v e d
f or ar bitr ar y l e a k a g e c o ef fi ci e nts δ i ≥ 0 , i = 1 , ..., n, r. T his
g e n er al s etti n g of t h e pr o bl e m is als o us e d i n t his s e cti o n.

A. T o ols of A n al ysis

T h e f oll o wi n g d e fi niti o ns of [ 1 7], [ 2 3] ar e n e e d e d t o s et u p
t h e fr a m e w or k f or t h e I Q C a n al ysis.

D e fi niti o n 1: L m
2 d e n ot es t h e s p a c e of R m - v al u e d f u n cti o ns

f̌ ( ·) : [ 0 , ∞ ) → R m of fi nit e e n er g y, i. e.

f̌ ( ·) 2 =
∞

0

f̌ T (t) f̌ ( t) dt < ∞ ( 4 2)

D e fi niti o n 2: T h e s p a c e L m
2 e is a n e xt e nsi o n of t h e s p a c e

L m
2 , w h os e m e m b ers ar e R m - v al u e d f u n cti o ns f̌ ( ·) : [ 0 , ∞ ) →

R m , s u c h t h at t h eir ti m e tr u n c ati o n

f̌T (t) =
f̌ ( t) , 0 ≤ t ≤ T
0 , t > T

∈ L m
2 ( 4 3)

D e fi niti o n 3: T h e f e e d b a c k i nt er c o n n e cti o n of G (s ) a n d ∆
as i n ( 3 3) is w ell- p os e d if it d e fi n es a c a us al m a p ě ( ·) →
( v̌ ( ·), w̌ ( ·)) o n L m

2 e , i. e. f or a n y ě ( ·) ∈ L m
2 e t h er e e xists

a s ol uti o n ( v̌ ( ·), w̌ ( ·)) t h at d e p e n ds c a us all y o n ě ( ·). T h e



1 0

i nt er c o n n e cti o n is st a bl e if, i n a d diti o n, t h e i n v ers e is b o u n d e d.
T his m e a ns t h at t h er e e xists a c o nst a nt C I Q C > 0 s u c h t h at

T

0

v̌ T (t) v̌ ( t) + w̌ T (t) w̌ ( t) dt ≤ C I Q C

T

0

ě T (t) ě ( t) dt

( 4 4)
I n t h e r est of t h e p a p er t h e s u p ers cri pt m i n L m

2 e is dr o p p e d.
A b o u n d e d o p er at or ∆ is s ai d t o s atisf y t h e I Q C d e fi n e d

b y Π (s ), if f or all v (s ), w (s )

∞

− ∞

v (j ω )
w (j ω )

H

Π (j ω )
v (j ω )
w (j ω )

d ω ≥ 0 ( 4 5)

wit h w̌ ( t) = ∆ v̌ ( t) . T h e m atri x Π (s ) is d e n ot e d t h e m ulti-
pli er d e fi ni n g t h e I Q C.

N e xt ass u m e t h at t h e f oll o wi n g c o n diti o ns h ol d:

C 1) G (s ) is a pr o p er r ati o n al f u n cti o n wit h r e al c o ef fi-
ci e nts wit h o ut p ol es i n t h e cl os e d ri g ht h alf- pl a n e.

C 2)  T h e i nt er c o n n e cti o n of G (s ) a n d τ ∆ is w ell p os e d
f or all τ ∈ [ 0, 1] .

C 3) ě ( ·) ∈ L 2 e .
C 4) ∆ is a b o u n d e d c a us al o p er at or.
C 5) τ ∆ s atis fi es t h e I Q C d e fi n e d b y Π (s ).

T h e m ai n r es ult i n I Q C t h e or y is t h e n:
L e m m a 2: ([ 2 3] ) Ass u m e t h at C 1- C 5 h ol d. If t h er e e xists

> 0 s u c h t h at ∀ ω ∈ R ∪ { ∞ }

G (j ω )
I

H

Π (j ω )
G (j ω )

I
≤ − I, ( 4 6)

t h e n, t h e f e e d b a c k i nt er c o n n e cti o n of G (s ) a n d ∆ of ( 3 3) is
st a bl e.

T o e x pl ai n t h e c o n diti o ns C 1- C 5, it is n ot e d t h at C 1 is a
st a n d ar d ass u m pti o n i n I Q C t h e or y w hi c h is str ai g htf or w ar d
t o v erif y. A si mil ar c o n diti o n a p p e ars f or t h e P o p o v a n d
cir cl e crit eri a w h e n s u bj e ct t o s at ur ati n g n o nli n e ariti es [ 3 9].
T h e c o n diti o n C 2 e ns ur es t h at t h e i nt er c o n n e cti o n m a k es
s e ns e . M or e s p e ci fi c all y, it r ef ers t o t h e e xist e n c e of u ni q u e
s ol uti o ns t o t h e diff er e nti al e q u ati o ns, a n d t o t h e c a us alit y of
s u c h s ol uti o ns. T h e c o n diti o n C 3 is st a n d ar d i n I Q C t h e or y.
T h e c o n diti o ns C 4- C 5 r e pr es e nt t w o w ell st u di e d cl ass es of
b o u n d e d o p er at ors, s e e [ 1 7] a n d [ 2 3] f or f urt h er d et ails.

B. Ass u m pti o ns o n t h e Ti m e S k e w C o ntr oll er

I n t h e pr es e nt p a p er, t h e n u m eri c al I Q C a n al ysis w as c arri e d
o ut usi n g r ati o n al a p pr o xi m ati o ns of all d el a ys. T h e r e as o n is
t h at i niti al att e m pts t o i n cl u d e t h e d el a ys as p arts of t h e o p-
er at or ∆ pr o d u c e d c o ns er v ati v e r es ults. T h e a p pli e d a p pr o a c h
i nst e a d i n cr e as e d t h e or d er of t h e r ati o n al a p pr o xi m ati o ns u ntil
t h e st a bilit y li mits di d n ot c h a n g e si g ni fi c a ntl y, t h er e b y pr o-
d u ci n g pr a cti c all y us ef ul st a bilit y li mits f or m o d er at e or d ers
of t h e a p pr o xi m ati o n, c.f. s e cti o n V. C. D u e t o t h e s uit a bilit y
of t h e I Q C m o d el f or t h e tr e at m e nt of t h e s at ur ati o ns, t h er e
w as t h e n n o n e e d t o s wit c h t o a L y a p u n o v b as e d a n al ysis [ 3 9]
t h at c o ul d als o h a v e b e e n a p pli e d i n t h e fi nit e di m e nsi o n al
n u m eri c al c as e. T h e f oll o wi n g ass u m pti o ns, a d diti o n al t o A 1-
A 4, ar e t h er ef or e n e e d e d f or t h e I Q C a n al ysis of t h e r o u n d
tri p ti m e s k e w c o ntr oll er.

A 5)  T h e tr a nsf er f u n cti o ns C R T T , s u m (s ), C R T T , s k e w, i (s )
ar e pr o p er r ati o n al tr a nsf er f u n cti o ns wit h o ut p ol es
i n t h e cl os e d ri g ht h alf- pl a n e.

A 6) G̃ i n n e r
w i n d o w, i (s ), i = 1 , ..., n, r ar e pr o p er r ati o n al

tr a nsf er f u n cti o ns wit h o ut p ol es i n t h e cl os e d ri g ht
h alf- pl a n e, w h er e t h e ti m e d el a ys of G i n n e r

w i n d o w, i (s )
h a v e b e e n r e pl a c e d b y a r ati o n al d el a y a p pr o xi-
m ati o n of or d er n d el a y, i i n G̃ i n n e r

w i n d o w, i (s ). T h e a p-

pr o xi m at e tr a nsf er f u n cti o ns f ul fil G̃ i n n e r
w i n d o w, i (s ) →

G i n n e r
w i n d o w, i (s ), n d el a y, i → ∞ , i = 1 , ..., n, r.

A 7) Ť r e f
s k e w (·) ∈ L 2 e .

A 8)  T h e i nt er c o n n e cti o n of G (s ) a n d τ ∆ is w ell p os e d
f or e v er y τ ∈ [ 0, 1] .

Ass u m pti o ns A 5 a n d A 6 ar e n e e d e d t o e ns ur e t h at G (s )
is c o nsist e nt wit h C 1. T h e ass u m pti o n o n t h e l o c ati o n of
t h e p ol es of e a c h c o ntr oll er, m e a ns t h at s u c h c o ntr oll ers ar e
r e q uir e d t o b e o p e n l o o p st a bl e. T his b o u n d e d-i n p ut b o u n d e d-
o ut p ut st a bilit y c o n diti o n c a n b e e asil y a d dr ess e d d uri n g t h e
d esi g n of t h e c o ntr oll ers. Ass u m pti o n A 6 is i ntr o d u c e d t o
i d e ali z e t h e i n n er c o ntr ol l o o ps a n d t o e ns ur e t h at G̃ i n n e r

w i n d o w (s )
is a r ati o n al tr a nsf er f u n cti o n. T h e i nt e nti o n wit h t h e us e of
r ati o n al d el a y a p pr o xi m ati o ns is t o e n a bl e I Q C st a bilit y a n al y-
sis i n a fi nit e di m e nsi o n al c as e, ar bitr aril y cl os e t o t h e i n fi nit e
di m e nsi o n al c as e w h e n t h e d el a y a p pr o xi m ati o n or d er t e n ds
t o i n fi nit y. I n t h e pr es e nt p a p er P a dé d el a y a p pr o xi m ati o ns
[ 3 8] ar e us e d, e x a ctl y as i n [ 4 1], [ 4 2]. A tr u n c at e d i n v ert e d
s eri es e x p a nsi o n of e s T c o ul d b e us e d as w ell, w h er e T is a n
ar bitr ar y d el a y.

C. Veri fi c ati o n of I nt e gr al Q u a dr ati c C o nstr ai nt C o n diti o ns

I n or d er t o a p pl y L e m m a 2 it n e e ds t o b e f or m all y pr o v e d
t h at t h e i m p os e d c o n diti o ns A 3- A 8 i m pl y t h at C 1- C 5 h ol d.
Cl e arl y C 1 f oll o ws fr o m ( 4 0) if C s k e w (s ) a n d G̃ i n n e r

w i n d o w (s ) ar e
b ot h pr o p er wit h o ut p ol es i n t h e ri g ht h alf pl a n e. T his f oll o ws
fr o m A 5 a n d A 6 s o C 1 h ol ds. Ass u m pti o n A 5 t h e n e ns ur es t h at
C s k e w is a b o u n d e d o p er at or, t h er ef or e t h e ass u m pti o ns A 5
a n d A 7 i m pl y t h at t h e c o n diti o n C 3 is s atis fi e d. T h e c o n diti o n
A 8 t h e n i m pli es C 2. T h e c o n diti o ns C 4 a n d C 5 ar e k n o w n t o
b e tr u e fr o m t h e a n al ysis of [ 1 7], [ 2 3]. I n a d diti o n t o A 5- A 8,
als o A 3- A 4 n e e ds t o h ol d f or t h e I Q C a n al ysis t o b e v ali d,
a f a ct t h at is o b vi o us fr o m t h e pr e vi o us tr e at m e nt. N ot e t h at
A 1 a n d A 2 ar e o nl y us e d t o s u p p ort t h e d eri v ati o n of t h e
d e c o u pli n g m atri x. Si n c e p erf e ct d e c o u pli n g is n ot ass u m e d
i n t h e st a bilit y a n al ysis, A 1 a n d A 2 ar e n ot n e e d e d i n t h e
f oll o wi n g r es ult:

T h e or e m 2: C o nsi d er t h e f e e d b a c k i nt er a cti o n of ( 3 3) a n d
ass u m e t h at t h e c o n diti o ns A 3- A 8 h ol d, w h er e n d el a y, i , i =
1 , ..., n, r ar e fi nit e. S u p p os e t h at ∆ of ( 3 6) s atisf y t h e I Q C
gi v e n b y Π (s ). T h e n, t h e f e e d b a c k i nt er c o n n e cti o n ( 3 3), wit h
G i n n e r

w i n d o w, i (s ), i = 1 , ..., n, r, r e pl a c e d b y G̃ i n n e r
w i n d o w, i (s ), i =

1 , ..., n, r, is st a bl e if t h er e e xists > 0 s u c h t h at ( 4 6) h ol ds
∀ ω ∈ R ∪ { ∞ } .

N ot e t h at t h e c o n diti o n ( 4 6) is a n i n fi nit e- di m e nsi o n al,
fr e q u e n c y- d e p e n d e nt, li n e ar m atri x i n e q u alit y. H o w e v er, b y
usi n g t h e K al m a n- Ya k u b o vi c h- P o p o v ( K Y P) l e m m a, t h e c o n-
diti o n ( 4 6) c a n b e c o n v ert e d t o a fi nit e- di m e nsi o n al fr e q u e n c y-
i n d e p e n d e nt li n e ar m atri x i n e q u alit y. T h e d et ails ar e o utli n e d
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i n [ 2 3]. I n a d diti o n, n ot e t h at t h e M A T L A BT M t o ol b o x I Q C-
b et a [ 1 8] pr o vi d es a c o n v e ni e nt w a y t o a n al ys e t h e st a bilit y of
s yst e ms usi n g I Q C.

Fi n all y, t h e i n fi nit e di m e nsi o n al d el a y li mit is a d dr ess e d b y
C o nj e ct ur e 1: C o nsi d er t h e f e e d b a c k i nt er a cti o n of ( 3 3) a n d

ass u m e t h at t h e c o n diti o ns A 3- A 8 h ol d, w h er e n d el a y, i → ∞ ,
i = 1 , ..., n, r. S u p p os e t h at ∆ of ( 3 6) s atisf y t h e I Q C gi v e n
b y Π (s ). T h e n, t h e f e e d b a c k i nt er c o n n e cti o n ( 3 3) is st a bl e if
t h er e e xists > 0 s u c h t h at ( 4 6) h ol ds ∀ ω ∈ R ∪ { ∞ } .

As i n di c at e d b y t h e n u m eri c al r es ults of s e cti o n V. C, t h e
st a bilit y li mit of t h e i n fi nit e di m e nsi o n al c as e a p p e ars t o b e
r e a c h e d f or r el ati v el y l o w or d ers of t h e d el a y a p pr o xi m ati o n.
A n or d er w ell b el o w 1 0 s e e ms t o b e s uf fi ci e nt i n t h e tr e at e d
e x a m pl e.

V. N U M E R I C A L R E S U L T S

T h e n u m eri c al r es ults ar e b as e d o n C + + t est b e d c o d e, t h at
is i nt e n d e d t o f or m t h e b asis f or pr o d u ct d e v el o p m e nt. Si n c e
t h e 5 G st a n d ar ds ar e still i n d e v el o p m e nt, it is n ot y et p ossi bl e
t o o bt ai n fi el d r es ults.

A. Test C o d e I m pl e m e nt ati o n

T h e r o u n d tri p ti m e s k e w c o ntr oll er al g orit h m w as i m pl e-
m e nt e d i n C + +, r at h er t h a n i n M A T L A B. T h e a d v a nt a g e is t h at
C + + c o d e c a n b e us e d f or m or e t as ks t h a n M A T L A B c o d e.
As f or a M A T L A B i m pl e m e nt ati o n, c o ntr oll er p erf or m a n c e
e v al u ati o n c a n b e d o n e off-li n e wit h C + + c o d e. T h e s a m e
C + + c o d e c a n t h e n b e i nt e gr at e d a n d r u n o n pr o d u ct li k e
h ar d w ar e, usi n g Eri css o n’s m ulti- c or e di git al si g n al pr o c essi n g
( D S P) ar c hit e ct ur e. T his all o ws d et ail e d pr o fili n g at D S P c y cl e
l e v el w hi c h is m u c h m or e a c c ur at e t h a n esti m at es o bt ai n e d
b y c o u nts of arit h m eti c o p er ati o ns. T his f a ct is p arti c ul arl y
i m p ort a nt w h e n c o m p ut ati o n al c o m pl e xit y is e v al u at e d f or
m ulti- c or e pr o c ess ors.

T h e t est b e d i m pl e m e nts t h e i n n er l o o p wi n d o w b as e d c o n-
tr oll er us e d h er e a n d a n al ys e d i n [ 4 3]. T h e l e a d-l a g q u e u e
d w ell ti m e i n n er l o o p c o ntr oll er of [ 4 0] is als o i m pl e m e nt e d.
A n ar bitr ar y n u m b er of tr a ns missi o n n o d es c a n b e us e d, a n d it
is p ossi bl e t o us e a n y mi x of t h e t w o i m pl e m e nt e d i n n er l o o p
c o ntr oll ers. T h e t u ni n g of t h e i n n er l o o p c o ntr oll ers c a n b e
p ar a m et eri z e d eit h er i n t er ms of all t h e c o ntr oll er p ar a m et ers,
or i n t er ms of a si n gl e p ar a m et er T n o m i n al

R T T t h at r e pr es e nts
t h e n o mi n al r o u n d tri p d el a y. All ot h er c o ntr oll er p ar a m et ers
ar e t h e n d eri v e d fr o m t h e n o mi n al r o u n d tri p d el a y. T his is
v er y a d v a nt a g e o us, si n c e a si n gl e s yst e m p ar a m et er c a n t h e n
b e us e d b y t h e o p er at or (i. e. t h e us er) t o s et t h e c o ntr oll er
p ar a m et ers f or n o mi n al d el a ys fr o m h u n dr e ds of m s d o w n t o
a fr a cti o n of a m s . T o bri e fl y e x pl ai n h o w t his is d o n e, n ot e
t h at t h e t u ni n g of a l e a d-l a g c o ntr oll er st arts b y d e fi niti o n of t h e
cr oss o v er a n g ul ar fr e q u e n c y ω c [ 4 0]. N oti n g t h at a n i n cr e as e d
d el a y t y pi c all y r e q uir es a r e d u c e d a n g ul ar cr oss o v er fr e q u e n c y,
it f oll o ws t h at

ω c =
C ω c

T n o m i n al
R T T

. ( 4 7)

H er e C ω c is a s c al e f a ct or c orr es p o n di n g t o a w ell w or ki n g
c o ntr oll er t u ni n g. As it t ur ns o ut, all l e a d-l a g li n k p ar a m et ers
t h e n f oll o w fr o m ω c usi n g t h e pr o c e d ur e of [ 4 0]. T h e r o u n d

tri p ti m e s k e w a n d r o u n d tri p ti m e s u m c o ntr oll er filt ers ar e
s el e ct e d t o b e l e a d-l a g li n ks, e x a ctl y as i n [ 4 0]. Als o t h es e
c o ntr oll er filt ers c a n b e p ar a m et eri z e d i n t er ms of all c o ntr oll er
p ar a m et ers of t h e l e a d-l a g li n k, or i n t er ms of t h e n o mi n al
r o u n d tri p d el a y.

T h e i n n er l o o p i m pl e m e nt ati o n e m b e ds a si m ul ati o n of
e a c h d at a tr a ns missi o n b et w e e n t h e c o ntr oll er n o d e a n d t h e
tr a ns missi o n n o d es. T h e d el a ys i n t h e d o w nli n ks a n d u pli n ks
c a n b e v ari e d i n d e p e n d e ntl y t o si m ul at e ti m e v ari ati o n, us-
i n g b uff ers t o i m pl e m e nt tr a ns p ort d el a ys. T h e i n n er l o o p
i m pl e m e nt ati o n als o si m ul at es t h e tr a ns mit d at a q u e u e of
e a c h tr a ns missi o n n o d e, t h er e b y c o n n e cti n g t o t h e wir el ess
i nt erf a c es a n d d at a r at es t h at e m pt y t h e tr a ns mit d at a q u e u es.
A n y wir el ess si m ul at or m a y b e us e d f or t h e g e n er ati o n of
t h e wir el ess d at a r at es, h o w e v er t h e t est b e d c o d e c a n als o
i nt erf a c e t o e xt er n al t est fil es t h at pr o vi d e t h e wir el ess d at a
r at e t h at aff e cts e a c h tr a ns mit d at a q u e u e. Wir el ess i nt erf a c e
d el a ys a n d U E pr o c essi n g d el a ys c a n als o b e i ntr o d u c e d i n
t h e si m ul ati o n. I n t his w a y t h e i n n er l o o p si m ul ati o n pr o vi d es
t h e ti m e e v ol uti o n of T dl, N , T q u e u e , T dl, W , T U E , T ul, W a n d
T ul, N . T h e i n n er l o o p si m ul ati o n als o k e e ps tr a c k of t h e d at a
it e m n u m b er wit h s e p ar at e d el a y b uff ers, a f a ct t h at all o ws t h e
m o m e nt ar y v al u e of y (s ) of ( 2 6) t o b e e v al u at e d b y t h e i n n er
l o o p wi n d o w c o ntr oll er of t h e p a p er. T h e i n n er l o o p c o ntr oll er
si m ul ati o n is c a p a bl e of pr o d u ci n g o ut p ut d at a fil es r e a d a bl e
b y M A T L A B. T his all o ws a us e of M A T L A B f or dis pl a y of
t h e o bt ai n e d r es ults, as d es cri b e d b el o w. I n p ut d at a r at es t o t h e
c o ntr oll er n o d e c a n b e i ntr o d u c e d wit h v ari o us tr af fi c m o d els,
h o w e v er t his is b e y o n d t h e s c o p e of t h e pr es e nt p a p er.

B. D et ail e d Ti m e S k e w C o ntr oll er D esi g n

T o pr o vi d e a n ill ustr ati o n of t h e p erf or m a n c e of t h e c o n-
tr oll er, a c as e wit h 3 tr a ns missi o n n o d es is tr e at e d. T h e i n n er
l o o p c o ntr oll ers ar e s el e ct e d t o b e pr o p orti o n al c o ntr oll ers
t o all o w a p pli c ati o n of L e m m a 1. T h e pr o p orti o n al g ai ns of
t h e i n n er l o o ps w er e c h os e n as C i = 1 0 0 0 .0 , i = 1 , ..., n,
C r = 1 0 0 0 .0 . T h at c h oi c e w as e v al u at e d wit h g o o d r es ults i n
[ 4 3]. F urt h er m or e, k i = 1 .0 , i = 1 , ..., n, k r = 1 .0 , δ i = 0 .0 ,
i = 1 , ..., n, a n d δ r = 0 .0 w er e c h os e n. I n t h e d esi g n it is
f urt h er m or e ass u m e d t h at t h e n o mi n al d esi g ni n g r o u n d tri p
d el a ys f or t h e i n n er l o o p c o ntr oll ers ar e T d

R T T , i = 1 0 .0 m s ,

i = 1 , ..., n, T d
R T T , r = 1 0 .0 m s , w h er e d i n di c at es ‘ d esi g ni n g

d el a y’. Usi n g t his i nf or m ati o n, t h e b o d e pl ot of G i n n e r
w i n d o w, 1 (s ),

G i n n e r
w i n d o w, 2 (s ) a n d G i n n e r

w i n d o w, r (s ) gi v e n b y ( 2 9) a n d ( 3 0) c a n
b e c o m p ut e d. T h e B o d e pl ot is d e pi ct e d i n Fi g. 4. As c a n b e
s e e n t h e r es p o ns e is cl os e t o c o nst a nt wit h a s m all p h as e l oss
u p t o al m ost 1 0 0 H z , aft er w hi c h t h e g ai n a n d p h as e st arts t o
os cill at e. O b vi o usl y, t his is a n eff e ct of t h e d esi g ni n g d el a y
of 1 0 .0 m s , r e fl e cti n g t h e w a y t h e N y q uist pl ot cir c ul at es
ar o u n d t h e ori gi n a n d p ass es t h e i nst a bilit y p oi nt − 1 + 0 j .
Si n c e t h e d el a y is n ot w ell k n o w n a n d m a y c h a n g e i n t h e
pr es e nt a p pli c ati o n, a n y r o b ust o ut er l o o p r o u n d tri p ti m e
s k e w c o ntr oll er d esi g n t h er ef or e n e e ds t o h a v e a b a n d wi dt h
l o w e n o u g h t o att e n u at e t h e fr e q u e n ci es w h er e t h e i n n er l o o p
tr a nsf er f u n cti o ns v ar y r a pi dl y.

Si n c e d e c o u pli n g is a p pli e d, e a c h c o ntr ol c h a n n el is d e-
si g n e d s e p ar at el y. T his ass u m pti o n m e a ns t h at t h e m e as ur e-
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Fi g. 4.  B o d e pl ot of t h e i n n er l o o p tr a nsf er f u n cti o ns. N ot e t h at t h e p h as e
c ur v e n e v er p ass es - 1 8 0 d e gr e es. T h e r e as o n is t h at t h e i m a gi n ar y p art of t h e
fr e q u e n c y f u n cti o n is stri ctl y n e g ati v e f or all ω , s e e [ 4 3].

m e nt c o m bi ni n g a n d d e c o u pli n g bl o c ks F a n d M ar e n e-
gl e ct e d. T his tr a nsf or ms t h e l o o p g ai n of ( 4 0) t o t h e di a g o n al
pr o d u ct C s k e w (s )G i n n e r

w i n d o w (s ). Si n c e t h e t hr e e i n n er l o o ps
ar e ass u m e d t o b e i d e nti c al i n t h e d esi g n, it f oll o ws t h at
C R T T , s k e w, 1 (s ) = C R T T , s k e w, 2 (s ) = C R T T , s u m (s ). I n t h e
pr es e nt w or k, t h e s a m e l e a d-l a g c o ntr oll er as i n [ 4 0] is us e d,
i. e

C R T T , s k e w, 1 (s ) = C R T T , s k e w, 2 (s ) = C R T T , s u m (s )

= K
s + a

s + a
M

N
s + b

s + b N
. ( 4 8)

A c o m pl et e al g orit h m f or t u ni n g of t h e c o ntr oll er p ar a m e-
t ers a p p e ars i n [ 4 0]. T h e pr o c e d ur e is as f oll o ws. First t h e
b a n d wi dt h a n d st a bilit y pr o p erti es of t h e l e a d-l a g c o ntr oll er is
s p e ci fi e d i n t er ms of a d esir e d cr oss o v er fr e q u e n c y f or t h e l o o p
g ai ns of ( 2 8), a n d a d esir e d p h as e m ar gi n at t h at cr oss o v er
fr e q u e n c y. H er e a cr oss o v er fr e q u e n c y of f c = 1 1 .0 H z is
s p e ci fi e d, t o g et h er wit h a p h as e m ar gi n of at l e ast 9 0 .0 d e g .
N e xt t h e ti m e c o nst a nt a a n d t h e a m o u nt of l o w fr e q u e n c y
c o ntr oll er g ai n M of t h e l a g-li n k is s el e ct e d. S o m e e x p er-
i m e nt ati o n r e v e al e d t h at a = 0 .2 5 × ω c = 0 .2 5 × 2 π f c w as
s uit a bl e t o g et h er wit h M = 1 0 . F oll o wi n g t his st e p t h e n e e d e d
a m o u nt of p h as e a d v a n c e is t o b e d et er mi n e d. H o w e v er at t h e
s el e ct e d cr oss o v er fr e q u e n c y, t h e p h as e m ar gi n is w ell a b o v e
t h e s p e ci fi c ati o n, a n d h e n c e n o p h as e a d v a n c e is n e e d e d. T h e
o ut er ti m e s k e w c o ntr oll er filt ers ar e t h er ef or e si m pli fi e d t o

C R T T , s k e w, 1 (s ) = C R T T , s k e w, 2 (s ) = C R T T , s u m (s )

= K
s + a

s + a
M

, ( 4 9)

i. e l e a k y i nt e gr ati n g c o ntr ol. It t h e n o nl y r e m ai ns t o d et er mi n e
t h e g ai n f a ct or K . T his is d o n e b y a p pl yi n g ( 2 9) t o s ol v e f or
K usi n g t h e cr oss o v er fr e q u e n c y c o n diti o n

K
j ω c + a

j ω c + a
M

G i n n e r
w i n d o w, i (j ω c ) = 1 , ( 5 0)

T A B L E I
S T A B I L I T Y L I M I T S I N T E R M S O F T R T T A S A F U N C T I O N O F C i A N D T H E

O R D E R O F T H E P A D É A P P R O X I M A T I O N .

Or d er of P a d é a p pr o xi m ati o n
C i 3 r d 4 t h 5 t h 6 t h 7 t h 8 t h

1 0 0 9 1 1 ms 8 6 6 ms 8 6 6 ms 8 6 6 ms 8 6 6 ms 8 6 6 ms
1 0 1 3 3 3 ms 3 0 0 ms 3 0 0 ms 2 9 9 ms 2 9 9 ms 2 9 9 ms
1 0 2 1 2 2 ms 1 0 0 ms 1 0 0 ms 1 0 0 ms 1 0 0 ms 1 0 0 ms
1 0 3 4 0 ms 3 3 ms 3 1 ms 3 1 ms 2 8. 8 ms 2 9. 4 ms
1 0 4 2 ms 1 ms 0. 7 ms 0. 7 ms 0. 6 ms 0. 5 6 ms

w hi c h r es ults i n t h e c o ntr oll er p ar a m et ers a = 1 7 .2 8 , M =
1 0 .0 , a n d K = 1 .0 6 4 . H e n c e

C R T T , s k e w, 1 (s ) = C R T T , s k e w, 2 (s ) = C R T T , s u m (s )

= 1 .0 6 4
s + 1 7 .3

s + 1 .7 3
. ( 5 1)

T h e c o nti n u o us ti m e r o u n d tri p ti m e s k e w c o ntr ol s yst e m is
fi n all y dis cr eti z e d wit h T usti n’s a p pr o xi m ati o n [ 2 7]

s →
2

T s

1 − q − 1

1 + q − 1
, ( 5 2)

w h er e q − 1 is t h e d el a y o p er at or a n d T s = 1 .0 m s is t h e
s a m pli n g p eri o d.

C. St a bilit y

A n u m eri c al I Q C st a bilit y a n al ysis is p erf or m e d i n t his
s u bs e cti o n. T h e a n al ysis q u a nti fi es h o w l ar g e r o u n d tri p d el a ys
t h at c a n b e t ol er at e d b ef or e st a bilit y is c o m pr o mi z e d, ass u mi n g
t h e c o ntr oll er d esi g n a b o v e. T his s er v es t o s u p p ort t h e si m ul a-
ti o n r es ults a n d t o pr o vi d e d et ail e d e n gi n e eri n g st a bilit y li mits.
N ot e t h at t h e st a bilit y c o n diti o ns o bt ai n e d b y I Q C a n al ysis ar e
n ot n e c ess ar y, e x a ctl y as is t h e c as e w h e n t h e P o p o v crit eri o n
is a p pli e d i n [ 4 1], [ 4 2] a n d [ 4 5]. T his m e a ns t h at t h e r o u n d
tri p ti m e s k e w c o ntr ol s yst e m m a y still b e st a bl e, e v e n if t h e
I Q C st a bilit y c o n diti o ns ar e n ot m et.

T h e I Q C st a bilit y a n al ysis w as p erf or m e d usi n g t h e I Q C-
b et a t o ol b o x [ 1 8]. I Q C st a bilit y t ests w er e p erf or m e d usi n g
C 1 = C 2 = C r = { 1 0 0 , 1 0 1 , . . . , 1 0 4 } . T h e d el a y a p pr o x-
i m ati o ns w er e s el e ct e d t o b e P a dé a p pr o xi m ati o ns of or d ers
t hr e e t o ei g ht [ 3 8]. Ta bl e I s h o ws t h e v al u es of T R T T f or
w hi c h st a bilit y of t h e r o u n d tri p ti m e s k e w c o ntr ol s yst e m is
g u ar a nt e e d. F or t his e x a m pl e, P a d é a p pr o xi m ati o ns of f o urt h
or hi g h er or d er s e e ms t o pr o vi d e r e as o n a bl e st a bilit y li mits.
F or t h e c o ntr oll er d esi g n us e d i n t h e n u m eri c al si m ul ati o n,
i. e. C i = 1 0 0 0 , i = 1 , ..., n, r, st a bilit y of t h e r o u n d tri p ti m e
s k e w c o ntr ol s yst e m c a n t h er ef or e b e g u ar a nt e e d w h e n T R T T

is l o w er t h a n 2 9 m s .
T h e c o m p ut ati o n al c ost ass o ci at e d wit h a n I Q C st a bilit y

a n al ysis is i n g e n er al hi g h [ 1 7], [ 1 8]. I n t h e pr es e nt a p pli c ati o n
t his is n ot a pr o bl e m, si n c e t h e st a bilit y a n al ysis is t y pi c all y
d o n e off-li n e d uri n g t h e s et u p of t h e ti m e-s k e w c o ntr oll ers.

D. Test d at a g e n er ati o n m o d el

Si n c e t h er e ar e n ot y et a n y c o m pl et e 5 G st a n d ar d a n d
pr o d u cts, si m ul at e d d at a n e e ds t o b e us e d f or e v al u ati o n
of t h e pr o p os e d d el a y s k e w c o ntr ol al g orit h m. T h e t hir d



13

TABLE II
DELAY PARAMETERS AT START OF SIMULATION

Parameter Tx Node 0 Tx Node 1 Tx Node 2

T ref
RTT,skew,i

, T ref
RTT,sum 40.0 ms 0.0 ms 0.0 ms

Tdl,N,i + Tdl,W,i 2.0 ms 10.0 ms 2.0 ms
Tul,N,i + Tul,W,i 1.0 ms 1.0 ms 1.0 ms

TUE,i 1.0 ms 1.0 ms 1.0 ms

generation partnership project (3GPP) standardization has,
however, evolved sufficiently far that it can be concluded that
important parts resemble aspects of the 4G long term evolution
(LTE) standard [9]. The radio access methods are e.g. similar,
with orthogonal frequency division multiple access (OFDMA)
being the choice in both cases. The consequence of this is
that advanced system simulation tools of LTE may be tuned
to resemble 5G multi-connectivity aspects.

Since the multi-connectivity flow control test code discussed
in section V.A is stand alone, an interface between the re-tuned
system simulator and the test code is needed. In this paper a
single user full buffer scenario was assumed, meaning that the
commanded bitrates ¹u(s) will always be realizable by available
physical data. In such a scenario, it is therefore the scheduled
wireless rates over the multiple air-interfaces that drive the
flow control test code. The interface is therefore provided by
scheduled wireless rate signal files, generated by a properly
re-tuned product system simulator.

To describe this data generation, the following brief de-
scription of the system simulator is given. The fading radio
channel models for the air-interfaces were independent typical
urban (TU) channel models with 3 kmph movement. The
wireless rates are determined by the scheduler that runs fairly
complicated algorithms that are beyond the scope of the
present paper, see e.g. [9], [13] for an introduction. The
scheduler is based on information of the channel qualities in
the downlinks, that are measured by the mobile and obtained as
feedback signals in terms of coarsely quantized channel quality
indication (CQI) messages. The channel quality is affected
by the received channel power spectral density in the mobile
which in turn is affected by the fading and the path loss
between the transmission nodes and the mobile. Other factors
affecting the channel quality is the interference from neighbor
cells and the capabilities of the mobile. The CQIs are input to
the link adaptation on which the scheduled wireless rates are
based. The link adaptation e.g. contains nonlinear tabulated
mappings to arrive at quantities useful for the scheduling.

Wireless rate realizations were then generated by the above
high fidelity system simulator. The user data was assumed
to be transmitted over all three available transmission nodes
simultaneously.

E. Performance

The reference transmission node was selected as number 0,
with the two other transmission nodes being numbered as 1
and 2, respectively. The initial values of the delay parameters
of the networked control system appear in Table II.

This means that the distributable delay budget is 40 ms
in total, since T ref

RTT;sum (s) = 40 ms. In order to illus-

Fig. 5. The time evolution of the downlink interface delays (top left), the
uplink interface delays (top right), the resulting queue dwell times (bottom
left), and the resulting round trip times (bottom right). Transmission nodes 0,
1 and 2 are plotted blue, red and yellow, respectively. The spike at 3000 ms
is believed to be a result of a transient in the delay generating queues of the
simulator and not an effect of the controller.

trate the performance and operation of the round trip time
skew controller, the sum of the downlink interface delays
of transmission nodes 1 and 2 were then varied as depicted
in Fig. 5. The uplink interface delays and UE delays were
constant. As can be seen from Fig. 5, the round trip time skew
controller distributes the round trip times equally between the
transmission paths, in line with the skew control reference
values. It achieves this goal by adjusting the transmission node
queue dwell times to compensate for the downlink interface
delay variations, as is also evident from Fig. 5.

To further analyse the way the algorithm operates, Fig. 6
- Fig. 8 provide detailed information about the inner loop
operation of each transmission path. It can be seen that the
queue dwell time of the reference node is kept constant, at
about one third of the total delay budget. The inner loop
controller achieves this goal by adjusting the queue data
volume of the queue of transmission node 0. Transmission
node 1 needs to use a small queue dwell time to compensate
for the high downlink interface delay for the first 2 seconds of
the simulation. It then quickly increases the queue dwell time
when the downlink interface delay is reduced after 2 seconds.
Again, this is done by adjustment of the queue data volume.
Transmission node 2 on the other hand uses a high queue
dwell time the first 3 seconds, while the queue dwell time
is decreased after 3 seconds, to compensate for the increased
downlink interface delay. It can be noted that the inner loop
window controllers are very quick in performing the needed
changes, which is believed to be a consequence of the use
of high gain proportional control. Note that bit rate as well
as queue data volume saturations occur, without any effect
on stability which remains consistent during the simulation.
The excellent practical stability properties are believed to be
explained by the strong result of Lemma 1, together with a
controller design reflecting Theorem 2.
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Fig. 6. The inner loop operation of transmission path 0, as a function of time.

Fig. 7. The inner loop operation of transmission path 1, as a function of time.

As remarked in the introduction, the reference values for
the transmission queue dwell times are constrained to non-
negative values by the saturations in the loop. The need for
this is evident from Fig. 7 and Fig. 8. Both figures clearly
show that transient periods with zero queue data volume and
zero queue dwell time do occur even with constraints. Without
the constraints these periods would be of significantly longer
durations.

The performance of the algorithm can be further studied
in Fig. 9 that illustrates the time skew, the corresponding
errors as well as the time sum and the corresponding error.
It can be seen that the time skews are regulated towards
0:0 ms as required. The remaining variations are due to the
delays inherent in the control loops and the varying wireless
rates. There is an initial transient of about 100 ms before the
round trip time skew controller has settled, after which the
decoupling seems to work very well, also when the delays

Fig. 8. The inner loop operation of transmission path 2, as a function of time.

Fig. 9. The downlink interface delay variations, as a function of time. The
spike at 3000 ms is believed to be a result of a transient in the delay
generating queues of the simulator and not an effect of the controller.

change. It can be noted that the length of the transient is
consistent with the 11 Hz crossover frequency used in the
design. Finally there is a spike at 3000 ms. This is believed to
be due to the controller decreasing the dwell time of the queue
of transmission node 2, at which time a significant saturation
of the inner loop control signal takes place.

The standard deviations of the time skew control errors
were 3:4 ms and 2:7 ms for transmission nodes 1 and 2,
respectively. The time sum was controlled towards its setpoint
of 40 ms with a standard deviation of the error equal to
3:0 ms. The initial transient and the spike were both removed
when measuring the standard deviations.

As a final illustration of the operation of the round trip time
skew controller, the various control signals are depicted in Fig.
10.
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Fig. 10. The downlink interface delay variations, as a function of time.
The spike at 3000 ms is believed to be a result of a transient in the delay
generating queues of the simulator and not an effect of the controller.

F. Design guidelines

This paper, [10], [20] [25] and [45] treat two control
objectives. The first objective aims at controlling the one way
time skews from the controller node to the wireless interfaces.
This is suitable for handling multi-point transmissions that
terminate in the UE, like streaming video and augmented
reality applications. Inter-node synchronization is required.
As shown in [20] and [45], good disturbance decoupling
and rejection require a symmetric network design and well
designed inner loop controllers. The second control objective,
treated here and in [25], aims at controlling the round trip time
skews. This is suitable for handling URLLC feedback control
applications in factory automation and over the tactile internet.
A stability based design is recommended. An important aspect
is that inter-node synchronization is not required.

VI. CONCLUSIONS

This paper has defined and discussed a new MIMO delay
control problem that originates from the 5G wireless standards
that are in development. The problem needs to be solved
to enable high bandwidth networked feedback control over
multiple wireless interfaces, supporting the use of URLLC for
factory automation and the wireless tactile internet.

The main contribution of the paper is a new low complexity
round trip time skew MIMO control algorithm. The controller
exploits cascade control, where outer time skew controller
filters provide round trip time references to the inner loops
of each wireless transmission path, and where globally stable
window based controllers serve as inner loop controllers.
An important part of the contribution is that the round trip
time skew controller also solves the nonlinear data flow split
problem at the controller node, using mainly linear techniques.
This follows since the inner loop control signals are the
downlink network interface data rates that fully define the split.
The second contribution of the paper is a stability analysis

that exploits the integral quadratic constraint theory, to handle
non-negativity constraints inherent in the MIMO controller. A
further contribution reported on testbed experiments based on
a three node scenario. The practical results of the testbed, with
varying delays in the downlink interface chains, confirm the
results of the stability analysis and show that the round trip
time skew controller will be able to provide time skew control
to within about 3 ms, using a sampling period of 1 ms. Note
that inter-node time synchronization is not required.

There are many interesting research possibilities that may be
explored, among these the use of more advanced controllers.
One possibility is to replace the outer loop controller filters
by more advanced linear controllers, e.g. based on robust
control theory, or to apply non-linear model predictive control.
Analysis of the theoretical performance bounds of the time
skew control problem would also be interesting.
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TEMPUS-INTCOM Symposium, Veszprém, Hungary, 2000.

[39] M. Vidyasagar, Nonlinear Systems Analysis. Englewood Cliffs, NJ:
Prentice-Hall, 1978.

[40] T. Wigren, “Robust L2 stable networked control of wireless packet
queues over delayed internet connections”, IEEE Trans. Contr. Syst. Tech.,
vol. 24, no. 2, pp. 502-513, 2016. DOI: 10.1109/TCST.2015.2455933.

[41] T. Wigren, “Wireless feedback and feedforward data flow control subject
to rate saturation and uncertain delay”, IET Control Theory & Applica-
tions, vol. 10, no. 3, pp. 346-353, 2016. DOI: 10.1049/iet-cta.2015.0580.

[42] T. Wigren, “Low frequency sensitivity function constraints for nonlinear
L2-stable networked control”, Asian J. Contr., vol. 18, no. 4, pp. 1200-
1218, 2016. DOI: 10.1002/asjc.1241.

[43] T. Wigren and R. Karaki, “Globally stable wireless data flow con-
trol”, to appear in IEEE Trans Contr. Network Sys., 2018. DOI:
10.1109/TCNS.2016.2619906.

[44] T. Wigren, D. Colombi, B. Thors and J. - E. Berg, “Implication of RF
EMF exposure limitation on 5G data rates above 6 GHz”, IEEE VTC
2015-Fall, Boston, MA, 2015. DOI: 10.1109/VTCFall.2015.7390974.

[45] T. Wigren, K. Lau , R. Delgado and R. H. Middleton, “Delay skew
packet flow control in wireless systems with dual connectivity”, to appear
in IEEE Trans. Vehicular. Tech., 2018.

[46] Wikipedia, PROFINET, Nov. 2017. Available:
https://en.wikipedia.org/wiki/PROFINET

[47] G. Zames, ”Functional analysis applied to nonlinear feedback systems”,
IEEE Trans. Circuit Theory, vol. CT-10, no. 3, 1963.

[48] G. Zames, ”On the input-output stability of time-varying nonlinear
feedback systems, Part1: Conditions derived using concepts of loop-gain,
conicity and positivity”, IEEE Trans. Automat. Contr., vol. AC-11, pp.
228-238, 1966.

Ramón A. Delgado received his professional title
of Ingeniero Civil Electrónico and M.Sc. degree in
Electronic Engineering from Universidad Técnica
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