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Vector tracking of global navigation satellite systems (GNSS) signals and deeply integrating
GNSS with an inertial navigation system (INS) improve robustness and accuracy in poor
GNSS signal-to-noise environments. Both require a dedicated interface between the GNSS

receiver and the navigation processor to enable the GNSS receiver to output the correlator
measurements and input numerically-controlled oscillator (NCO) commands. This paper
investigates the requirements for such an interface. Data latency is analysed for a range of
different stand-alone GNSS vector tracking and deep INS/GNSS integration architectures.

Suitable latency compensation techniques are identified. It is shown that, for the majority
of applications, an NCO command update rate of 50 Hz with latency compensation and
100 Hz without is sufficient. An approach to interface standardisation which can handle a

wide range of different GNSS signals and receiver designs is proposed.
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1. INTRODUCTION. Vector global navigation satellite systems (GNSS)
tracking and deep inertial navigation system (INS)/GNSS integration improve
robustness and accuracy in poor GNSS signal-to-noise environments. Both require
a dedicated interface between the GNSS receiver and the navigation processor to
enable the GNSS receiver to output the accumulated correlator measurements,
known as Is & Qs, and input numerically-controlled oscillator (NCO) commands.
Standard GNSS interface protocols do not support this. For stand-alone GNSS
vector tracking, the GNSS receiver and navigation processor will usually be pro-
duced by the same manufacturer, enabling use of a proprietary interface. However,
deep INS/GNSS integration requires interoperability of inertial measurement units
(IMU) and GNSS receivers produced by different manufacturers. Consequently,
a standard interface between GNSS receiver and navigation processor is highly
desirable.

The paper begins with an introduction to vector tracking and deep INS/GNSS
integration. Section 2 then discusses data latency across the interface and within the
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GNSS receiver and navigation processor, its effects on signal tracking and compen-
sation techniques. Section 3 analyses the maximum accelerations and jerks that may
be tolerated for different interface rates and latency compensation schemes. Finally,
Section 4 proposes an approach to interface standardisation which can handle a wide
range of different GNSS signals and receiver designs.

Note that only GNSS receivers performing hardware signal correlation fall within
the scope of this paper. In a ‘software receiver ’, the signal correlation, tracking
and navigation will share a processor, thus no external interface is required. Many of
the data latency issues are also eliminated. However, the processor load is much
higher.

1.1. Vector GNSS tracking. Figures 1 and 2 show, respectively, a conventional
and a vector-tracking GNSS user equipment architecture [1–3]. In both cases, the
front end amplifies, filters, down-converts and samples the GNSS signals. Then, in
the baseband signal processor, the signals are correlated with internally-generated
replicas of the GNSS signal code and carrier, sometimes known as references.
Separate correlation channels are implemented for each signal tracked. The in-phase
and quadrature accumulated correlator outputs, known as Is and Qs, are then output
to the acquisition and tracking algorithms at intervals varying between 1 and 20 ms
according to receiver design.

Numerically-controlled oscillators determine the phase of the internally-generated
code and carrier. For each signal tracked, there are two NCOs, one for code and one
for carrier. NCOs are essentially digital integrators. Each time a pulse is received
from the GNSS receiver’s clock, the NCOs cause the internally-generated code and
carrier to be advanced by an amount determined by the NCO command. Thus the
NCO commands are proportional to the frequencies of the internally-generated code
and carrier.

To use a GNSS signal for ranging, it is necessary to align the internally-generated
spreading code with that of the incoming signal in order to recover the carrier and
navigation data message. The internally generated carrier frequency must also be
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Figure 1. Conventional GNSS user equipment architecture.
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aligned with that of the incoming signal to prevent destructive interference due to
phase rotation over the coherent accumulation time.

In the conventional GNSS architecture (Figure 1), NCO commands are generated
by the user equipment’s acquisition and tracking algorithms, inputting the Is and Qs
[1–3]. These are implemented independently for each signal tracked as shown in
Figure 3. In tracking mode, a delay lock loop (DLL) is used to track the code, while
either carrier phase tracking is implemented using a phase lock loop (PLL) or carrier
frequency tracking using a frequency lock loop (FLL). Pseudo-range measurements
are obtained by comparing the phase of the internally generated code, read from the
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Figure 2. Vector-tracking GNSS user equipment architecture.
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NCOs, with the receiver clock. Pseudo-range rate (or Doppler shift) measurements
are derived from these carrier NCO commands. The pseudo-range and pseudo-range
rate measurements are input to the GNSS navigation processor, often based on an
extended Kalman filter (EKF), where they are used to update the position, velocity
and receiver clock solution.

In the vector tracking GNSS architecture (Figure 2), the tracking filters for each
signal and the navigation filter are combined into a single estimation algorithm
(usually an EKF) [3, 4]. Figure 4 illustrates this. This inputs the Is and Qs from the
GNSS baseband signal processor, via a bank of pre-filters, from which it updates the
user position, velocity and clock solution. For high dynamics applications, the user
acceleration may also be estimated.

The NCO commands are generated from predicted pseudo-ranges and pseudo-
range rates, calculated from the user position, velocity and clock solution, the satellite
positions and velocities and the satellite clock, ionosphere and troposphere correc-
tions.

Note that conventional acquisition and tracking algorithms are required to in-
itialise the vector tracking. Signals from at least four satellites must be tracked before
vector tracking can commence. Vector tracking brings a number of benefits. By
combining the tracking and navigation filters, it removes a filter cascade, enabling a
higher filtering gain to be used stably. Also, where the navigation solution is over-
determined (i.e. signals from more than four satellites are used), the tracking of each
signal is aided by the others. Both of these properties improve signal to noise
performance. Furthermore, vector tracking maintains tracking lock through a single
channel outage using the signals from the remaining satellites, provided at least
four are tracked. So, if a satellite is temporarily masked, the need to undergo a re-
acquisition process when it becomes visible is avoided.

Other names for vector tracking include the vector delay lock loop (VDLL) [5] and
vector frequency lock loop (VFLL) [6, 7], integrated demodulation and navigation
(IDN) [8] and combined navigation and tracking.

1.2. Deep INS/GNSS integration. The architecture of an integrated INS/GNSS
navigation system varies in three respects : how corrections are applied to the inertial
navigation solution, what types of GNSS measurements are used and how the GNSS
user equipment is aided by the INS and integration algorithm [3].

Figure 5 shows a tightly-coupled INS/GNSS integration architecture. This may be
thought of as the INS/GNSS equivalent of the conventional GNSS architecture of
Figure 1. The GNSS signals are tracked by the GNSS user equipment. The navi-
gation processor inputs pseudo-range and pseudo-range rate measurements from the
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Figure 4. Signal correlation and tracking in a vector tracking GNSS architecture.
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GNSS user equipment and specific force and angular rate data from the IMU. An
inertial navigation solution is obtained by integrating the IMU measurements as
described in [3, 9]. The EKF estimates errors in the inertial navigation solution, IMU
outputs and GNSS receiver clock. The inertial navigation solution, corrected by the
EKF, then forms the integrated INS/GNSS navigation solution. This is because
GNSS measurements are subject to interruption, whereas the inertial navigation
solution is continuous.

Deep INS/GNSS integration, shown in Figure 6, combines the integration
and signal tracking filters into a single estimation algorithm. This is the key dis-
tinguishing feature of deeply integrated INS/GNSS, compared to the other inte-
gration architectures [3, 10–14]. Comparing with Figure 2, it can be seen that deep,
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sometimes called deeply-coupled or ‘ultra-tightly-coupled ’ (UTC), integration is the
extension of the stand-alone GNSS vector tracking architecture to an INS/GNSS
system.

In a deeply integrated architecture, the Is and Qs accumulated from the GNSS
receiver correlators are input directly to the navigation processor, instead of being
filtered by tracking algorithms first. NCO commands are generated from pseudo-
ranges and pseudo-range rates predicted from the inertial navigation solution,
receiver clock estimates, satellite positions and velocities and the satellite clock,
ionosphere and troposphere corrections.

Deep INS/GNSS integration shares the advantage of GNSS vector tracking.
In addition, both inertial aiding of the GNSS code tracking and carrier frequency
tracking and variation of the tracking loop bandwidths according to the signal to
noise conditions (and degree of INS/IMU calibration) are inherent. Consequently,
deeply-coupled integration maximises resistance to interference and sensitivity to
weak GNSS signals in a dynamic environment. As with vector tracking, a period of
operation under the tightly-coupled architecture, with signals from at least four
satellites tracked, is required prior to initialisation.

In both stand-alone GNSS vector tracking (Figure 2) and deep INS/GNSS inte-
gration (Figure 6), a bank of pre-filters is used to reduce the flow of measurement
data from the GNSS signal processor to the navigation or integration EKF. Two
different types of pre-filter may be used: coherent and non-coherent. The coherent
design gives higher accuracy, while the non-coherent approach provides greater
robustness [12].

2. DATA LATENCY. Data latency limits the level of dynamics that may be
tolerated by a navigation system. Data latency is first discussed for conventional
and vector-tracking stand-alone GNSS. This is then extended to deeply integrated
INS/GNSS. The effects of data latency on GNSS signal correlation and how they
may be compensated in deep INS/GNSS are described. This informs the choice of
iteration rates for a GNSS receiver – navigation processor interface.

Here, the cycle time is defined as the interval between the start of the correlation
interval that generates a set of I and Q measurements and the time at which NCO
commands, updated using those I and Q measurements, are first applied in the
correlators. A new cycle starts every correlation interval, so successive cycles
normally overlap.
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Figure 7. Lag-less GNSS signal correlation and tracking cycle (using a receiver with signal

storage and retrieval capability).
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2.1. Stand-alone GNSS with independent tracking. In ideal GNSS user equip-
ment, the accumulation outputs from one correlation interval, ta, the Is and Qs, are
instantaneously used to update the NCO commands for the next correlation interval.
In this case, the cycle time is one correlation period, the minimum possible. In prac-
tice, this is only achievable in a receiver, such as a software receiver, where the signal
samples after the front-end, but before correlation, may be stored and retrieved.
Figure 7 illustrates this.

In a conventional real-time GNSS receiver with independent signal tracking, the
signal tracking processing load is low, so NCO commands may be updated relatively
quickly, provided the GNSS receiver allows NCO command updates in the middle of
a correlation interval. Thus the cycle time is just over one correlation period, which
has duration ta. Figure 8 illustrates this.

2.2. Stand-alone GNSS with vector tracking. In vector GNSS tracking, the pro-
cessing load for updating the NCO commands is much higher because the navigation
solution must also be updated using an EKF. It can take a full correlation interval
(or more) following receipt of the Is and Qs to perform the necessary processing to
update the NCO commands.

A simultaneous correlation interval for all signals is considered first. This applies
where the signals tracked are navigation data-free, the correlation interval is much
less than a navigation data message bit or the GNSS receiver does not attempt to
synchronise the correlation interval to the navigation data. Where the EKF proces-
sing cycle is one correlation interval, the cycle time will be two correlation periods,
much greater than for independent signal tracking. Figure 9 illustrates this. In prac-
tice, the EKF processing cycle may be longer, further increasing the data latency.
If nEKF correlation periods are required to process a full EKF cycle, the cycle time will
be 2nEKF correlation periods. Figure 10 illustrates the nEKF=2 case.

Where the correlation interval for each signal is synchronised with the navigation
message bit and the vector tracking EKF processes measurements from all signals
simultaneously, an additional lag of a further correlation interval is added (at least
for some signals). This is because the system must wait for the I and Q measurements
from the latest running correlation channel before it can process those from the
earliest running channel. If the NCO commands are applied at the start of a corre-
lation interval, the cycle time is 2nEKF+1 correlation periods, a minimum of three.
Figure 11 illustrates this. If the NCO commands are applied on receipt, the cycle time
varies from signal to signal between about 2nEKF and 2nEKF+1 correlation periods.
Figure 12 illustrates this.

This additional lag might be reduced by doubling the rate at which correlator
output messages are produced, but only including Is and Qs from half the signals in
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Figure 8. Real-time GNSS signal correlation and tracking cycle with independent signal tracking.
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each message. The EKF would then be run with measurements from half of the
signals every other cycle and the remaining signals on the alternate cycles. However,
the total EKF processing load would be increased.
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Figure 9. Real-time GNSS signal correlation and tracking cycle with vector tracking and

simultaneous correlation intervals (nEKF=1).
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Figure 10. Real-time GNSS signal correlation and tracking cycle with vector tracking and

simultaneous correlation intervals (nEKF=2).
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Figure 11. Real-time GNSS signal correlation and tracking cycle with vector tracking, offset
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A further lag is introduced where the vector-tracking navigation processor is
external to the GNSS user equipment as it typically takes much longer to pass data
over an external data-link than an internal link. If the NCO commands are applied
at the start of a correlation interval, the cycle time can be 2nEKF+2 correlation per-
iods, a minimum of four. Figure 13 illustrates this.

Note that the time taken for the NCO commands to respond to dynamics will
typically be longer in a poor signal-to-noise environment as the EKF reduces its
tracking bandwidths to mitigate noise. Consequently, the dynamics tolerance of the
stand-alone GNSS vector tracking is lower in poor signal-to-noise environments than
under strong signal-to-noise conditions.

2.3. Deep INS/GNSS integration. In deep INS/GNSS integration, the inertial
navigation solution is updated from the IMUmeasurements and used to calculate the
GNSS NCO commands. The INS/GNSS integration EKF then uses the Is and Qs to
estimate GNSS and inertial errors. The INS and inertial sensor error estimates impact
the NCO commands indirectly via corrections applied to the navigation solution and
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Figure 12. Real-time GNSS signal correlation and tracking cycle with vector tracking, offset

correlation intervals & NCO commands applied on receipt (nEKF=1).

(Vector) tracking function update 

Real-time 
signal  
sampling &
correlation 

Cycle time 

NCO commands Is and Qs

Time

Communication link

Figure 13. Real-time GNSS signal correlation and tracking cycle with vector tracking, offset

correlation intervals, communication link and NCO commands applied at the start of the

correlation interval (nEKF=1).
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IMU measurements. The GNSS receiver clock and signal propagation estimates are
applied to the NCO commands directly.

Two separate latencies affecting the NCO commands thus apply:

’ Updating the NCO commands to reflect user dynamics requires those dynamics
to be measured by the IMU, processed by the navigation processor’s inertial
navigation equations, used to generate NCO commands, transmitted to the
GNSS user equipment and applied to the correlators. The latency resulting from
this chain is referred to below as dynamics latency.

’ Updating the NCO commands to correct for both GNSS and inertial navigation
errors is subject to the same latency cycle described in Section 2.2 above because
the Is and Qs from the GNSS receiver are used to generate these error estimates.
This is referred to as error correction latency.

Deep INS/GNSS integration thus offers a performance benefit over GNSS vector-
tracking because an error tracking cycle can generally operate with a lower band-
width than an error plus dynamics tracking cycle. With a lower tracking bandwidth,
sensitivity to noise is decreased, improving robustness under jamming. The error
correction latency cycle is identical to the signal tracking latency cycle for stand-alone
GNSS using vector tracking. The remainder of this discussion will therefore focus on
the dynamics latency.

The dynamics latency for deeply-coupled integration is defined here as the interval
between the start of the IMU sampling window and the time at which NCO
commands, updated using those IMU measurements, are first applied in the corre-
lators. Assuming real-time signal processing, the following factors contribute to the
dynamics latency:

’ The IMU sampling window, ti ;
’ The time taken to output the IMU samples to the navigation processor (fti) ;
’ The time taken to update the inertial navigation solution (fti) ;
’ The time taken to update the NCO commands and communicate them to the

GNSS user equipment (fta) ;
’ The time taken to apply the NCO commands within the GNSS user equipment

(fta), noting that this will vary between signals if the commands are applied at
the start of the correlation window.

Figure 14 illustrates this. The total dynamics latency, averaged across signals with
different correlation windows, is thus up to 1.5ta+3ti. If the IMU output rate is at
least twice the NCO command rate, the maximum average dynamics latency is three
GNSS correlation intervals.

2.4. Effects of NCO command latency. Consider the stage in the receiver corre-
lation process where the incoming signal has been multiplied by the reference carrier,
but has yet to be multiplied by the reference code. The in-phase and quadrature signal
samples may be expressed as [2, 3] :

I0(tsa)=k cos 2p

Z tsa

t0

dfca(tk) dtk+dwca(t0)

� �
+noise

Q0(tsa)=k sin 2p

Z tsa

t0

dfca(tk) dtk+dwca(t0)

� �
+noise,

(1)
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where tsa is the time of signal arrival, dwca is the carrier phase offset between the
reference and incoming signal, dfca is the carrier frequency offset and k is pro-
portional to the signal amplitude and navigation message data bit. Where the code
tracking errors are negligible, the prompt outputs of the code correlator, accumulated
over the time interval tsaxta to tsa, may be expressed as:

IP(tsa) /
1

ta

Z tsa

tsaxta

I0(tk) dtk

QP(tsa) /
1

ta

Z tsa

tsaxta

Q0(tk) dtk,
(2)

The received power in the prompt channel is then proportional to:

I2P(tsa)+Q2
P(tsa)=

K

t2a

R tsa
tsaxta

cos 2p
R tk
tsaxta

dfca(ta)dta
� �h i

dtk
� �2

+
R tsa
tsaxta

sin 2p
R tk
tsaxta

dfca(ta)dta
� �h i

dtk
� �2

2
64

3
75+noise, (3)

noting that squaring and summing cancels out the effect of the initial carrier phase
offset. Where the carrier frequency offset is constant, this simplifies to:

I2P(tsa)+Q2
P(tsa)=K

sin2 pdfcatað Þ
pdfcatað Þ2

+noise

=K sinc2 pdfcatað Þ+noise:

(4)

Figure 15 depicts the effective correlated signal power as a function of frequency
tracking error. To ensure that the signal power is within a factor of two of the
maximum, the condition |dfca|<0.443/ta must be met. Note that for non-constant
frequency tracking errors, equation (3) must be solved numerically. These will occur
under line-of-sight acceleration when the receiver constrains the NCO frequencies to
be constant during a correlation period. They will also occur under line-of-sight jerk
(rate of change of acceleration), regardless of the GNSS receiver and navigation
processor design.

Navigation solution update

Real-time signal sampling & correlation
Dynamics latency 

NCO commands calculations 

IMU sampling 
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Navigation processor to GNSS communication link
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Figure 14. Contributors to deep INS/GNSS integration dynamics latency between IMU

measurement sampling and their use in controlling the GNSS NCOs.
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NCO command latency also has an impact on code tracking; however this is much
less than its impact on carrier tracking.

For GNSS vector tracking, where the user acceleration is estimated by the EKF,
it may be used to compensate the NCO commands for the time lag between the
measurements used to calculate them and their application within the GNSS receiver
correlation channels. The cycle time, tc, acts to limit the carrier frequency tracking
and code tracking bandwidths to a maximum of 1/2tc. With a cycle time of at least
two EKF processing intervals (see Section 2.2), the maximum tracking bandwidth is
less than a quarter of the EKF and interface iteration rate. Where the vector-tracking
EKF estimates acceleration, the dynamics tolerance will be similar to that of a con-
ventional second-order carrier frequency tracking loop. Therefore, from [2, 3], with a
correlation interval, ta, of 20 ms, a line-of-sight jerk of up to 370 m sx3 can be tol-
erated with a 5 Hz frequency tracking bandwidth at the L1 frequency before carrier
phase interference drops the effective power by a factor of two (see equation (4)).

For deep INS/GNSS integration, the above discussion only applies to error
correction latency. However, the errors estimated in the deeply integrated EKF are
not subject to the same rapid changes as the navigation states estimated in a GNSS
vector-tracking EKF. Consequently, lower bandwidths may be implemented without
introducing jerk vulnerability.

Dynamics tolerance in deep INS/GNSS integration is poorest where only the
velocity solution at the end of the IMU sampling interval is used to generate the NCO
commands. If the dynamics latency is two 20 ms correlation intervals, the maximum
tolerable line-of-sight acceleration is about 100 m sx2 (assuming a 4 m sx1 maximum
pseudo-range rate error).

However, in a well designed system, the inertial acceleration solution will be used
to estimate the line-of-sight acceleration and then used to predict forward the NCO
commands to the time they are applied within the receiver. These computations may
be made within either the navigation processor or the GNSS user equipment and are
recommended for use in all deep INS/GNSS implementations. Then, under constant
acceleration, it is the difference between the actual and estimated dynamics latencies
that determines the dynamics tolerance. Thus, if the data latency is known to within
1 ms, the maximum tolerable line-of-sight acceleration for a 20 ms correlation interval

Frequency tracking error × correlation interval, δ fcaτa

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.5 1 1.5 2 2.5 3

Relative
effective 
received
signal 
power

Figure 15. Effect of frequency tracking error on effective received signal power.
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will be about 4000 m sx2, noting that larger accelerations can be tolerated where the
correlation interval is shorter. However, the system is still vulnerable to jerk.

As in any INS/GNSS system (or any estimator), uncompensated data latency
between one measurement stream (inertial) and the other (GNSS) can bias the EKF
estimates if not compensated. Latency compensation techniques include lagging
the faster responding stream to match the slower stream and weighting down the
measurements [3].

In a basic deep INS/GNSS implementation, the assumption is made that the NCO
commands supplied by the navigation processor are correct. However, this may
be invalidated by dynamics occurring between the IMU sampling interval and the
application of the NCO commands within the GNSS receiver using that IMU data.
However, once the Is and Qs from the relevant correction interval become available,
further IMU measurements will have been input by the navigation processor. These
may be used to apply dynamic latency corrections to the GNSS measurements input
to the INS/GNSS EKF, thus preventing the dynamics latency from biasing the state
estimates. Further investigation is needed to determine which applications would
benefit from this. Note that dynamic latency corrections cannot be applied in stand-
alone GNSS vector tracking as no information is available from which to generate
them.

3. INTERFACE ITERATION RATE ANALYSIS. Iteration rate re-
quirements for the navigation processor – GNSS receiver interface depend on the
user dynamics (and receiver clock drift), the GNSS receiver design and the navi-
gation processor design, particularly the application of latency corrections. The
iteration rate of the interface must be sufficient to limit the frequency tracking error
as discussed in Section 2.4 above. To determine suitable rates at which NCO com-
mands should be output by the navigation processor, six data latency scenarios are
considered. The first three consider a constant line-of-sight acceleration, while the
latter three involve jerk.

In case 1, the acceleration and the correlator control latencies are known and the
latencies are compensated as far as possible by either the navigation processor or the
GNSS user equipment. However, the NCO frequencies are constrained to be con-
stant over the correlation window. Therefore, the NCO frequency is set so that the
mean frequency error over the correlation window is zero. Consequently, to limit the
effect of phase interference over the correlation window such that the effective signal
power is dropped by no more than a factor of two (see equation (3)), the following
condition must be met:
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1
A

2

f
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2
(5)

where aLOS is the line-of-sight acceleration (including receiver clock ‘‘acceleration’’)
and lca is the carrier wavelength. An approximate solution may be obtained by
converting the cosine function to a power series expansion, integrating and truncating
to fourth order in t, giving a quadratic equation in aLOSta

2/lca, of which the smaller
solution applies. Thus:

aLOSf0 �26lca=t2a Case 1: (6)
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Cases 2 and 3 assume that no latency compensation is applied. Therefore the NCO
frequency is set to a value that was correct at some point prior to the start of the
correlation window. In case 2, it is assumed that the NCO commands were correct
one correlation interval prior to the start of the correlation window, whereas in case
3, it is assumed that the NCO commands were correct two correlation intervals
before the start of the correlation window. To limit the effect of phase interference
such that the effective signal power is dropped by no more than a factor of two, the
following conditions must be met for cases 2 and 3, respectively :
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Case 2, (7)
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Case 3: (8)

Solving these using the same method as described for case 1 gives :

aLOSf0 �15lca=t2a Case 2: (9)

aLOSf9 �3r10x2lca=t
2
a Case 3: (10)

In cases 4, 5 and 6, it is assumed that the acceleration and correlator control latency
are known and used to compensate the latency. Furthermore, it assumed that the
NCO frequencies may be varied over the correlation window. Assuming the latency is
known to within 1 ms, the maximum acceleration that can be tolerated without
dropping the effective signal power by more than a factor of two is, from equation (4),
443 sx1lca/ta, giving a large acceleration tolerance. However, the systems are still
vulnerable to jerk.

It is assumed that vector GNSS tracking does not track jerk because conventional
GNSS tracking loops cannot track jerk. In the deeply integrated case, the IMU
measurements may, in principle, be used to estimate line-of-sight jerk and to predict
changes in acceleration over the latency interval and correlation window. However,
this has not been reported in the literature on deeply integrated INS/GNSS, while
vibration may severely limit its effectiveness. Therefore, no jerk prediction is included
in cases 4, 5 and 6.

All three cases assume there is a constant jerk. The estimated line-of-sight
acceleration is assumed to be correct one correlation interval prior to the start
of the correlation window in case 4, two correlation intervals in case 5 and five
correlation intervals in case 6. Thus, to limit the effect of phase interference over
the correlation window such that the effective signal power is dropped by no
more than a factor of 2, the following conditions must be met for cases 4, 5 and 6,
respectively:
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Case 4, (11)
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Case 5, (12)
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Case 6, (13)

where jLOS is the line-of-sight jerk. Again, an approximate solution may be obtained
by converting the cosine function to a power series expansion, integrating and
truncating to sixth order in t, giving a quadratic equation in jLOSta

3/lca, of which the
smaller solution applies. Thus

jLOSf6 �6r10x2lca=t
3
a Case 4, (14)

jLOSf2 �4r10x2lca=t
3
a Case 5: (15)

jLOSf5 �1r10x3lca=t
3
a Case 6: (16)

Table 1 gives the maximum line-of-sight acceleration for all six cases, and the maxi-
mum line-of-sight jerk for cases 4 to 6 for a range of NCO command update rates. As
can be seen, the required update rate depends on both the level of dynamics and the
degree of latency compensation applied.

For the majority of applications, the acceleration will be within 100 m sx2 and the
jerk within 100 m sx3, so an NCO command update rate of 50 Hz should be adequate
provided latency compensation is applied. Otherwise a 100 Hz update rate is needed.

However, there are cases where a higher update rate will be required. One is ap-
plications involving extreme dynamics. The other is high-vibration environments.
For example, a 74 Hz sinusoidal oscillation of amplitude 0.01 m will have an accel-
eration amplitude of 2160 m sx2 and a jerk amplitude of y106 m sx3. However,
oscillatory jerk is not expected to cause loss of tracking where the position amplitude
is much less than a carrier wavelength.

For GNSS vector tracking, high jerks may be tolerated by using very high
carrier tracking bandwidths. These, in turn, require high correlator output rates. As

Table 1. Maximum line-of-sight acceleration and jerk for a range of NCO update rates and NCO com-

mand lag scenarios (GPS L1 band)

NCO

update

rate, Hz ta, ms

Maximum line-of-sight

acceleration, m sx2
Maximum line-of-

sight jerk, m sx3

Case 1 Case 2 Case 3 Cases 4–6 Case 4 Case 5 Case 6

50 20 120 72 44 4200 1600 580 120

100 10 490 290 180 8400 13000 4600 960

125 8 770 450 280 11000 25000 9100 1900

200 5 2000 1200 700 17000 100000 37000 7700

250 4 3100 1800 1100 21000 200000 72000 15000

500 2 12000 7300 4400 42000 1600000 580000 120000

1000 1 49000 29000 18000 84000 13000000 4600000 960000
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discussed in Section 2.4, the maximum carrier frequency tracking bandwidth is about
a quarter of the correlator output rate. The acceleration tracking bandwidth will
typically be lower than the velocity/frequency tracking bandwidth, so the line-of-
sight acceleration estimates will exhibit greater lag. Consequently, the case 6 interface
tolerances in Table 1, whereby the acceleration estimates are five correlation periods
out of date, are likely to be closest to the true maximum jerk.

However, very high-bandwidth vector tracking is likely to cause severe processor
loading problems. An alternative is to make use of the pre-filter estimates in the
GNSS NCO control algorithm. This would produce an architecture which combined
low frequency vector tracking with high-frequency independent tracking. A further
problem is that increasing the tracking bandwidth to handle dynamics reduces the
signal-to-noise sensitivity. For example, with a 250 Hz carrier frequency tracking
bandwidth and 1 ms signal correlation interval, the minimum sustainable C/N0 is
y30 dB-Hz.

For deep INS/GNSS integration, the acceleration latency is determined by the
IMU update rate, not the tracking bandwidth. The acceleration obtained from a set
of IMU measurements will be the average value over the IMU sampling interval, and
so may be thought of as applying to the middle of the sampling interval. As discussed
in Section 2.3, the lag between the end of the IMU sampling interval and the appli-
cation of the corresponding NCO commands within the GNSS receiver will depend
on the relative phasing of the IMU and GNSS interfaces, which may vary over time.
If the IMU output rate is twice the NCO command rate, the acceleration lag will be
between 0.25 and 3.25 GNSS correlation intervals. This gives a jerk tolerance between
those given by cases 4 and 5 in Table 1. Comparing the case 4 and case 5 columns in
Table 1, it can be seen that a 0.75 correlation period drop in the acceleration lag has a
similar impact to doubling the NCO update rate. Therefore, increasing the NCO
update rate above half the IMU output rate brings little benefit in jerk tolerance.

Thus, deep INS/GNSS integration brings much greater tolerance of high jerk
environments than stand-alone vector GNSS tracking. Furthermore, there is no need
to use a high signal tracking bandwidth (provided the lever arm between the IMU
and the GNSS antenna is well calibrated). Thus, a deeply-coupled architecture can
potentially tolerate high dynamics and poor GNSS signal to noise simultaneously.

4. INTERFACE STANDARDISATION. Deep INS/GNSS integration
requires interoperability of IMUs and GNSS receivers produced by different manu-
facturers. Consequently, the development of a standard interface for the GNSS re-
ceiver to output I & Q measurements to the navigation processor and input NCO
commands is highly desirable. Such an interface would also be useful for vector
tracking. An obstacle to standardisation is that different GNSS receivers implement
very different designs. Differences include, but are not limited to:

’ Which constellations and signal types are used;
’ The length of the correlation periods and how they are synchronised between

signals and with the navigation data message bits ;
’ Whether separate early and late or early minus late correlation channels are

used;
’ What degree of NCO control is accepted and when the NCO commands are

applied;
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’ How binary offset code (BOC) signals, such as the GPS M code, are correlated;
’ How signals with time division multiplex (TDM) of the data-modulated and

pilot components, such as GPS M code and GPS L2C, are correlated;
’ General timing and data latency issues.

Consequently, the interface design needs to be as flexible as possible. It is a lot easier
to adapt an interface to a receiver design than a receiver design to an interface.
Therefore, an inflexible interface will not be adopted as an industry standard.

Ideally, a deep INS/GNSS integration interface would support a plug and play
capability, enabling a navigation processor to operate with more than one GNSS user
equipment design without the need to manually re-configure the user equipment
software, the navigation processor software or both. Furthermore, interface proto-
cols should be designed to support future expandability. Consequently, any interface
protocol must support exchange of configuration information between receiver and
navigation processor so that each knows which features the other supports.

The correlator output message format must be compatible with as many different
GNSS receiver designs as possible. It must also be efficient. Therefore, repetition rates
should not be excessive and data-link capacity should not be wasted transmitting null
outputs where the format specifies information that a particular receiver does not
provide. Therefore, each correlator output message should comprise three compo-
nents :

’ A header, common to all signals ;
’ One or more signal data specification blocks;
’ A block of correlator output data for each signal.

The header should contain overall timing information and indicate how many
specification and output data blocks follow. The specification blocks should comprise
all the information required to decode the correlator output data for each signal,
including signal-specific timing, correlator number and spacing, BOC correlation
information and data-bit edge location (where appropriate). Each specification block
should be repeated every second or so; it need not be included in every correlator
output message.

The correlator output data blocks should comprise the Is and Qs for every signal
tracked. The number of bits required for each correlator output may be reduced to
eight by transmitting a scaling factor common to all Is and Qs from a given signal.

The lag between the time of validity of NCO commands and their application is
required by the navigation processor for latency compensation. This lag will vary
from signal to signal in receivers that align the correlation windows with the navi-
gation message data bits. A further complication is that the lags may not be constant.
Therefore, the correlator output block for each signal should include some form of
NCO command identification and an offset time if a new NCO command was applied
midway through the correlation interval. Signal identification words should be used
to match the specification blocks to the data blocks and also for identifying the NCO
commands from the navigation processor.

The minimum NCO commands that the navigation processor must output to the
GNSS receiver are code and carrier NCO frequency commands for each signal
tracked, noting that it is more efficient to transmit Doppler shifts than absolute
frequencies. In addition, the navigation processor must be able to switch receiver
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correlation channels between external and internal control on a signal-by-signal
basis. This is to allow re-acquisition of lost signals and acquisition of new signals as
satellites rise without having to revert the whole navigation system to conventional
signal tracking.

The maximum speed of the space shuttle is 8 500 m sx1, while GNSS satellite
speeds are around 1000 m sx1. Consequently, the NCO command interface must
support line-of-sight velocities up to 10 000 m sx1. Sufficiently small quantisation
levels may be obtained with 16 bits per sample, provided each quantisation residual is
fed forward to correct the next NCO command prior to quantisation.

The interface standard should allow for successive NCO command messages to
include data for different signals. This should reduce data lags in cases where the
GNSS receiver implements different correlation periods for different signals to align
with the navigation message data bits and is more efficient than transmitting NCO
commands at a faster rate than the receiver implements them.

A basic NCO command interface constrains the NCO frequencies to take constant
values between command updates. This will result in suboptimal signal correlation
when the user antenna is accelerating. In the deeply integrated INS/GNSS case, the
acceleration will be known (albeit lagged). Therefore, there should be an option to
improve the signal correlation by transmitting NCO ‘acceleration’ commands in the
form of Doppler shift rates of change.

Other optional navigation processor outputs that the interface standard should
support include :

’ Code and carrier phase jump commands;
’ Sub-carrier NCO commands for receivers that track BOC signals using a double

estimator architecture [15] ;
’ Acquisition control and aiding information.

Lastly, to aid development, debugging and testing, there should be a capability for
the GNSS receiver to both echo back NCO commands from the navigation processor
when they area applied and output internally-generated NCO commands.

5. CONCLUSIONS. Data latency has been analysed for a range of different
stand-alone GNSS vector tracking and deep INS/GNSS integration architectures.
Suitable latency compensation techniques have been identified. It has been shown
that, for the majority of applications, an NCO command update rate of 50 Hz with
latency compensation and 100 Hz without is sufficient. An approach to interface
standardisation which can handle a wide range of different GNSS signals and re-
ceiver designs has been proposed.
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