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The millimetre wave (MMW) seeker can realize target detection under all weather conditions, the performance of which directly
determines the design of the control algorithms. To guarantee the hitting accuracy and damaging effect of the expensive MMW
guidance missile, assessing the performance of the seeker is indispensable before the launching of the missile. Real tactical
environment of the seeker cannot be simulated comprehensively by indoor laboratories, and high-precision evaluation method
outdoor is desperately needed. Focusing on the problem, a method for outdoor MMW seeker performance evaluation is
proposed via the real-time kinematic (RTK) technology in this paper, which has the advantages of high-precision orientation
and working ability under all climates. Firstly, the geometry of the seeker performance evaluation system is constructed,
guaranteeing the effective working of the RTK. And then, the key parameters associated with the guidance control are calculated
on the basis of the global position system (GPS) measurements. Finally, comparisons are made between the parameters obtained
based on the RTK and the seeker outputs. Besides, for the performance assessment of the MMW seeker towards moving targets,
a time synchronization method for different GPS carrier platforms is presented. The effectiveness of the proposed method is
validated by the mooring test-fly experiments. Experimental results demonstrate that the performance of the MMW seeker can
be evaluated effectively by using the proposed RTK-based method.

1. Introduction

Different from laser seekers [1, 2] or imaging seekers (includ-
ing television seekers [3] and infrared seekers [4, 5]), the
radar seeker is an active homing guidance sensor. It steers
itself onto the target by sensing radar cross scatterings [6, 7]
and realize “fire and forget” [8] for the missile, which greatly
enhances the safety of the launching platforms and the avia-
tors. Moreover, it can be used day and night under various
severe environments and climates. And the millimetre wave
(MMW) seeker has been the most popular choice among all
the radar seekers due to various factors such as the atmo-
spheric attenuation and constraints between the working
range and the weight [9, 10].

The precision of the key parameters of the seeker plays a
crucial role in the designing of the control algorithms [11, 12].

For example, an accurate line-of-sight (LOS) angular rate of
the seeker is the precondition of the precise proportional
navigation guidance. However, due to the existence of vari-
ous nonideal factors, such as the sensitivity to radome slope,
missile acceleration, and noises, the LOS angular rates of the
seeker cannot be as accurate as the results that are theoreti-
cally calculated. Therefore, how to evaluate the precision of
the parameters of the MMW seeker is quite important.
Firstly, the performance of the MMW seeker needs to be
tested in indoor laboratories like microwaves anechoic cham-
bers. In indoor laboratories, the parameters of the MMW
seeker can be tested, such as size, weight, dynamic response
time, and precision of the LOS angular rates with target
simulators. The MMW seeker is mounted on a three-
dimensional (3-D) turntable, and the target simulator is
mounted on a two-dimensional (2-D) translational system.
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The simulation computer will send various kinds of signals or
instructions to the MMW seeker and the 3-D turntable and
the 2-D translational system for different parameter testing.
To better simulate the missile’s practical environments, we also
need to evaluate the performance of theMMWseeker outdoors.

To realize accurate evaluation of the MMW seeker, we
need to know the precise positions of the seeker and the
interested target. In other words, we have to provide the basis
or standard value for the MMW seeker testing. In the existing
literatures, methods about simulation systems or array
designing for air-to-air MMW seeker have been presented
[13, 14]. A combined guidance method fusing MMW and
infrared is proposed in [15]. However, research related to
MMW seeker performance evaluation is relatively rare.
Motivated by the advantages of short measurement and high
precision of the real-time kinematic (RTK) technology [16–18],
an evaluation method to realize accurate performance evalu-
ation of the MMW seeker is proposed in this paper. We
mount the MMW seeker on a flyable platform which can
simulate the missile’s trajectory to construct the evaluation
system. And an effective performance evaluation method
which can test various capabilities of the seeker, such as cap-
turing, tracking, and recapturing, is presented. During the
flight, the seeker will output the information that is useful
for the terminal guidance, and we will evaluate the precision
of these parameters. Making use of the geometry relation-
ships of the target and the seeker and utilizing some mathe-
matic skills, we can calculate the key parameters of the
MMW seeker. The performance of the MMW seeker can be
evaluated by comparing the parameters obtained from differ-
ent sources.

2. Principle of the RTK Technology

In the beginning, we will give a brief introduction of the
RTK technology. The positioning accuracy of the RTK is
within centimetres. It can work smoothly without the influ-
ence of barriers. The errors of the measurement are not
accumulated [16–18].

Assuming that the coordinates of the satellite and the
checking location are ðxs, ys, zsÞ and ðx, y, zÞ, respectively,
using the formula between two points, we have

d =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − xsð Þ2 + y − ysð Þ2 + z − zsð Þ2

q
: ð1Þ

Since the coordinate of the satellite ðxs, ys, zsÞ can be
obtained by the navigation message of the satellite, so the
unknown parameters in (1) are x, y, and z. If the receiver
receives signals from three or more than three satellites, we
will have

d1 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − xs1ð Þ2 + y − ys1ð Þ2 + z − zs1ð Þ2

q
d2 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − xs1ð Þ2 + y − ys1ð Þ2 + z − zs1ð Þ2

q
:⋯,

dN =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − xsNð Þ2 + y − ysNð Þ2 + z − zsNð Þ2

q

9>>>>>>>>=
>>>>>>>>;
, ð2Þ

where di is the distance from the ithði = 1, 2,⋯,NÞ satellite to
ðx, y, zÞ. ðxsi, ysi, zsiÞ is the coordinate of the ith satellite, and
NðN ≥ 3Þ is the total number of the satellites. As can be seen,
as long as N is greater than 3, we can get the coordinate of
ðx, y, zÞ by solving (2). Actually, we need another equation
to solve the coordinate due to the existence of satellite clock
error [19, 20], which will not be detailed discussed here.

However, what we get in this way is the pseudorange,
which includes various errors. The precision can only reach
meters under this condition, which limits the application.
As a result, more than two global position system (GPS)
[19, 20] receivers are utilized in the RTK system to eliminate
the errors. One receiver is mounted on a predefined location
as the reference, whereas other receivers are used as the
mobile stations to test the interested locations. Owing to
the merit that the pseudoranges are obtained both for the ref-
erence position and the checking position, the system error
can be regarded to be the same within some measurement
range. The filtered coordinate of the reference point sub-
tracted by the precise coordinate comes out to be the total
system error. Through the radio communication between
the reference point and the checking point, the total system
error is real-time transported to the checking point, and the
coordinate of the checking point can be corrected subse-
quently. The system can provide the positioning precision
of as high as centimetres. The main working principle of
the RTK is displayed in Figure 1.

3. Parameter Calculation Based on RTK

3.1. Configuration Construction. To realize accurate perfor-
mance evaluation of the MMW seeker, we firstly construct
the working system of the RTK. We mount the MMW seeker
on a moving platform such as a helicopter or an unmanned
aerial vehicle (UAV) and combine the inertial navigation sys-
tem (INS) and the missile-borne computer together to form
the MMW seeker evaluation system. The constructed geom-
etry is demonstrated in Figure 2. According to the simulated
digital ballistic trajectory of the missile, we design the track of
the flyable platform and the positions of the main station and
the substations of the RTK system, guaranteeing the main
station and the substations to work within the effective range
of the RTK. Three GPS receivers are used in the evaluation
system. The reference station is predefined. One of the rover
receivers is installed on the helicopter, which carries the
MMW seeker. And the other rover receiver is installed
on the target. The platform carrying the MMW seeker flies
towards the interested target according to the digital simu-
lated trajectory, and the MMW seeker will start to illumi-
nate electromagnetic wave to interested areas to detect
the target when the distance from the seeker and the target
is within the effective working range of the MMW seeker.
The pointing directions of the seeker can be provided by
the missile-borne computer to improve target-capturing
probability [10].

During the flight, the GPS receiver on the moving plat-
form will record the coordinates of the seeker in real time.
At the meantime, the GPS receiver on the target will also
record the position of the target. Generally, the effective
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working range of the RTK is about 4 km. Fortunately, for the
helicopter-borne or UAV-borne air-to-ground missile
(AGM) discussed in this paper, the effective working range
of the MMW seeker is less than 4 km. Therefore, the con-
structed evaluation configuration can ensure the positioning
accuracy of the RTK.

Parameters associated with the MMW seeker can be cal-
culated based on the recorded positions of the seeker and the
targets, such as the seeker to target distance and the LOS
angular rates in the pitching and yawing directions. Making
comparisons between these parameters with the ones output-
ted by the MMW seeker itself, the real-time evaluation of the
MMW seeker can be realized.

3.2. Parameter Calculation. Supposing that the earth is an
ellipsoid, as shown in Figure 3, the intersection of the prime
meridian plane and the equatorial plane forms the X axis,
the direction perpendicular to the X axis on the equatorial
plane is the Y axis, and the Z axis, X axis, and Y axis consti-
tute the right-handed coordinate system. P represents any
point on the earth’s surface, λ represents the longitude, and
φ represents the latitude. The parameters can be obtained
by the GPS receivers in real time. Extracting the meridian
plane from point P, we can get the Cartesian coordinate sys-
tem, as shown in Figure 4.

Firstly, make the tangent line PT through point P, and
the first-order derivative at point P is the tangent of the angle
∠PTX based on the analytic geometry.

dy
dx

= tan∠PTX = tan 90° + φð Þ = − cot φ: ð3Þ

Since point P lies on the ellipse and according to the ellip-
tic equation, we have

x2

a2
+
y2

b2
= 1, ð4Þ

where a is the semimajor axis, and b is the semiminor axis
[21]. Making the first-order deviation to (4) with respect to
x, we have

dy
dx

= −
b2

a2
• x
y
: ð5Þ

GPS Signal

Rover Receiver

Desired Coordinate

Radio Station

GPS Signal

Reference Receiver

Reference Information

Figure 1: Working principle of RTK.
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Figure 2: Geometry configuration of the RTK-based evaluation
system.
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Figure 3: Diagram of the coordinate system associated with
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Figure 4: Geometric relationship of the POZ plane.
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Combining (3) and (5) together, we have

cot φ =
b2

a2
• x
y
=
a2 − c2

a2
• x
y
= 1 − e2
� �

• x
y
, ð6Þ

where c represents the focus of the ellipse, and e =ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 − b2Þ/a2

p
is the eccentricity ratio. From (6), we have

y = x 1 − e2
� �

tan φ: ð7Þ

Substituting (7) into (4), we have

x2

a2
+
x2 1 − e2
� �2 tan2φ

b2
= 1: ð8Þ

Multiplying both sides of (8) by a2 cos2φ, we have

x2 1 − e2 sin2φ
� �

= a2 cos2φ: ð9Þ

Detailed deduction from (8) to (9) is given in Appendix.
Or better, we have

x =
a cos φffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e2 sin2φ

p : ð10Þ

Substituting (10) into (7), we have

y =
a 1 − e2
� �

sin φffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e2 sin2φ

p : ð11Þ

According to the geometry relationships of Figures 3 and
4, the spatial rectangular coordinate of the target position can
be expressed as

X = x ⋅ cos λ

Y = x ⋅ sin λ

Z = y

9>>=
>>;: ð12Þ

Let N = a/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e2 sin2ðφÞp

, and combine (10) and (11),
and (12) can be updated by

X =N ⋅ cos φ ⋅ cos λ

Y =N ⋅ cos φ ⋅ sin λ

Z =N ⋅ 1 − e2
� �

⋅ sin φ

9>>=
>>;: ð13Þ

If point P is not on the surface of the earth and supposing
the corresponding height is h, the Cartesian coordinate posi-
tion of the target will be

X = N + hð Þ ⋅ cos φ ⋅ cos λ

Y = N + hð Þ ⋅ cos φ ⋅ sin λ

Z = N ⋅ 1 − e2
� �

+ h
� �

⋅ cos φ

9>>=
>>;: ð14Þ

Hereto, we can get the rectangular coordinates of the tar-
get and the MMW seeker, respectively. The position of the
target is

xt = Nt + htð Þ ⋅ cos φt cos λt
yt = Nt + htð Þ ⋅ cos φt ⋅ sin λt

zt = Nt 1 − e2
� �

+ ht
� �

⋅ sin φt

9>>=
>>;: ð15Þ

And the position of the seeker is

xa = Na + hað Þ ⋅ cos λað Þ ⋅ cos φað Þ
ya = Na + hað Þ ⋅ sin λað Þ ⋅ cos φað Þ
za = Na 1 − e2

� �
+ ha

� �
⋅ sin φað Þ

9>>=
>>;, ð16Þ

whereNa = a/
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e2 sin2ðφaÞ

p
, andNt = a/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − e2 sin2ðφtÞ

p
.

The subscripts t and a stand for the target and the seeker,
respectively.

What follows is to transform the coordinate into the nav-
igation coordinates ðxT , yT , zTÞ, as shown in Figure 5.

To realize the transformation, we first make the Cartesian
coordinate system OXYZ rotate λa radians around the Z axis
to get OX ′Y ′Z ′, as shown in Figure 6(a). The relationships
between coordinate systems OXYZ and OX ′Y ′Z ′ can be
expressed as

x′

y′

z′

2
664

3
775 = L λað Þ

xt − xa

yt − ya

zt − za

2
664

3
775, ð17Þ

where

L λað Þ =
cos λa sin λa 0

−sin λa cos λa 0

0 0 1

2
664

3
775: ð18Þ

On

Meridian
YnXn

Zn

Figure 5: Diagram of the coordinate system.
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Rotating φa radians around Y ′ axis, we can obtain OX″
Y″Z″. The corresponding rotation is shown in Figure 6(b).
The relationships between the coordinate systems of OX ′Y ′
Z ′ and OX″Y″Z″ can be expressed as

x″

y″

z″

2
664

3
775 = L φað Þ

x′

y′

z′

2
664

3
775, ð19Þ

where

L φað Þ =
cos φa 0 sin φa

0 1 0

−sin φa 0 cos φa

2
664

3
775: ð20Þ

However, we still cannot realize the complete transfor-
mation of the coordinates by far, since the rotated axes of O
X″Y″Z″ cannot exactly correspond to the axes of OXNYN
ZN . From the comparison between Figures 3 and 5, we can
see that OZ″ corresponds to OXN , OY″ corresponds to
OZN , and OX″ corresponds to OYN . That is to say, we still
need to multiply the result by the following rotation matrix
E to obtain the final navigation coordinate.

E =

0 0 1

1 0 0

0 1 0

2
664

3
775: ð21Þ

To summarize, the whole transformation matrix can be
expressed as

L φa, λað Þ = E•L φað Þ•L λað Þ

=

−sin φa cos λa −sin φa sin λa cos φa

cos φa cos λa cos φa sin λa sin φa

−sin λa cos λa 0

2
6664

3
7775,
ð22Þ

And the whole rotation process is shown in Figure 7.

Transforming the coordinate into the navigation coordi-
nate by using Lðφa, λaÞ, the coordinate arrives at ðxT , yT , zTÞ.

xT

yT

zT

2
664

3
775 =

−sin φa cos λa −sin φa sin λa cos φa

cos φa cos λa cos φa sin λa sin φa

−sin φa cos λa 0

2
664

3
775

xt′

yt′

zt′

2
664

3
775:

ð23Þ

Hereto, we can calculate the seeker to target distance.

dTA =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2T + y2T + z2T

q
: ð24Þ

Assuming that there is no rolling during the flight of the
seeker, the pitching angle θn0 and the yawing angle φn0 can be
calculated according to the geometry relationship between
the target and the seeker, as shown in Figure 8.

θn0 = arc tan
yTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2T + z2T

p
 !

,

φn0 = arc tan
zT
xT

� �
:

ð25Þ

Differentiating θn0 and φn0, we can get the pitching LOS

angular rate _θn0 and the yawing LOS angular rate _φn0. Com-
paring the calculated parameters with the ones outputted by
the MMW seeker, we can evaluate the performance of the
seeker.
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Figure 6: Illustration of the rotation from the rectangular coordinate system to the navigation coordinate system. (a) The first rotation. (b)
The second rotation.
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3.3. Parameter Error Analysis. In this part, we come to dis-
cuss the influences of the measurement errors of the GPS
on the parameters, taking a helicopter-borne AGMwhose fir-
ing range is 10 km for an illustration. The MMW seeker starts
to work with seeker to target distance 2.5 km, and it moves
towards the target from far to near according to the simulated
missile trajectory. However, the presented mooring test-fly
experiment cannot realize the simulation of the missile’s
whole trajectory due to various factors. Firstly, when the
seeker to target distance is less than the blind zone of the
radar, parameters will not be outputted by the seeker. There-
fore, parameters correspond to the blind zone of the radar are
not necessary. Besides, to guarantee the security of the mov-
ing platform, the platform will not approach the target indef-
initely like the missiles. A safety distance must be guaranteed,
and we set the safety flying height of the helicopter to be the
threshold in the experiment. When the height of the helicop-
ter approaches 40m, the aviator will pull up the helicopter.
The effective working range of xT and yT is given in
Figure 9. Since the RTK GPS can achieve centimetre accu-
racy, we conduct simulations with an assumption that the
RTK errors range from 2 cm to 10 cm based on real parame-
ters by using the Matlab software.

3.3.1. Seeker to Target Distance. The seeker to target distance
can be updated by

dTA =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xT + ΔxTð Þ2 + yT + ΔyTð Þ2 + zT + ΔzTð Þ2

q
: ð26Þ

ΔxT , ΔyT , and ΔzT represent the GPS measurement
errors along the three directions, respectively. Making Taylor
series expansion with respect to dTA, we have

dTA = dTA0 + ΔdTA0, ð27Þ

where

ΔdTA0 =
xTΔxTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2T + y2T

p +
yTΔyTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2T + y2T

p : ð28Þ

The influences on the precision of dTA caused by the GPS
measurement errors are shown in Figure 10. As can be seen,

when the error increases from 2 cm to 10 cm, the influence
becomes larger gradually. Even when the measurement error
reaches 10 cm, the maximum distance error is still less than
0.1m. The error is totally intolerable for the active homing
MMW seeker.

3.3.2. LOS Angles. In the following, we come to see the LOS
angles. The pitching angle with the consideration of mea-
surement errors will be

θn = arc tan
yT + ΔyTð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xT + ΔxTð Þ2 + zT + ΔzTð Þ2
q
2
64

3
75: ð29Þ

Still making Taylor series expansion, we have

θn = θn0 + Δθn, ð30Þ

where

Δθn =
−yTΔxT
x2T + y2T
� � + xTΔyT

x2T + y2T
� � : ð31Þ

Similarly, the yawing angle with the involved error can be
updated by

φn = arctan
zT + ΔzTð Þ
xT + ΔxTð Þ

	 

: ð32Þ

Implementing the same process as the pitching angle, we
have

φn = φn0 + Δφn, ð33Þ

where

Δφn =
ΔzT
xT

: ð34Þ

The errors of the pitching LOS angle caused by the GPS
measurements are shown in Figure 11, and the influences
on the precision of the yawing LOS angle are shown in
Figure 12. As can be seen, the error of the pitching angle
and the yaw angle are around 10‐4 and 10‐5 radians; the influ-
ence is small enough to neglect for active homing guidance.
As a result, the influence caused by GPS measurements on
LOS angular rates can also be neglected.

4. Experiments and Analysis

4.1. Evaluation of the MMW Seeker towards Stationary
Targets. The effectiveness of the proposed algorithm is veri-
fied on the real collected data by the mooring test-fly experi-
ment. Since the RTK GPS plays the role of the baseline, it is
the precondition of the whole performance evaluation of
the MMW seeker. As a result, to realize better performance
of the RTK GPS, the mooring test-fly experiment needs to
be conducted on open and vast space many times to
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Figure 8: Relationships of the pitching and yawing angles.
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Figure 9: Effective terminal trajectory of the seeker. (a) Along the X direction. (b) Along the Y direction.
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Figure 10: The errors of the seeker to target distance caused by the GPS measurements. (a) Along the X direction. (b) Along the Y direction.
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Figure 11: The errors of the pitching LOS angle caused by GPS measurements. (a) Along the X direction. (b) Along the Y direction.
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guarantee the satellite signal receiving quality. The tested
MMW seeker is used for land threatening targets attacking,
whose resolution is 6m in range. And the brand of the
RTK GPS is LD-VB50F for the reference station, and LD-
VR50F is for the substations provided by a Chinese company.

We test the proposed method on evaluations towards sta-
tionary targets and moving targets, respectively. We test the
performance of the proposed method on stationary targets
first. The evaluation system is constructed as follows: the ref-
erence station is stabilized on a precise located position, and
the substations are mounted on the helicopter with anMMW
seeker and the target, respectively. The platform simulates
the ballistic trajectory during flying, guaranteeing that the
RTK system works within its effective working radius. The
MMW seeker starts to illuminate electromagnetic wave to
detect the target when the seeker to target distance
approaches 2.5 km. The interested target is set to be stable
in this case. During the process, the parameters are calculated
by using the proposed RTK-based method. At the meantime,
the MMW seeker will also output the associated parameters
itself. Results of the seeker to target distance calculated by
using the proposed method and outputted by the MMW
seeker are shown in Figure 13. Corresponding results of the
pitching LOS angular rate and yawing LOS angular rate are
demonstrated in Figures 14 and 15, respectively. Local
enlarging results are also provided. Inspecting Figure 14(a),
we can see that there is a spike in the seeker’s output. This
is caused by the target recapture of the MMW seeker. From
the output of the RTK, we can see that the mismatching
between the seeker’s output and the RTK-based method is
explicit, based on which, we can evaluate the performance
of the tested MMW seeker. The phenomenon further dem-
onstrates the effectiveness of the proposed method.

As can be seen from Figures 13–15, the results obtained
by using the proposed RTK-based method correspond to
the seeker’s outputs. The calculated parameters can accu-
rately reflect the performance of the MMW seeker. The error
of the seeker to target distance is less than 3m, the error of

the pitching LOS angular rate is about 0.1°, and the error of
the yawing LOS angular rate is about 0.4°. To further verify
the effectiveness of the proposed method, comparisons
between the proposed RTK-based method and the INS
information-based method are conducted. The reason why
we compare the proposed method with the INS
information-based one is that using INS is an intuitive and
cost-effective way of evaluating the MMW seeker (the INS
system belongs to the whole weapon system). Taking the
LOS angular rates as an illustration, results of the yawing
LOS angular rate and the pitching LOS angular rate under
the two different methods are given in Figure 16. As can be
seen, the performance of the INS information-based method
is much worse than the proposed RTK-based one, especially
for the pitching direction. The error caused by the INS is
intolerable, the reason lies in the fact that the drifting error
and jumping error of the INS happen much more frequently.
Besides, the accumulated error will get larger with the
increasing of the time for the INS [22, 23]. The INS
information-based method is not appropriate for the long-
time testing of the MMW seeker.

4.2. Evaluation of the MMW Seeker towards Moving Targets.
In this part, we come to test the proposed method on a mov-
ing target case; the MMW seeker will illuminate a moving
target in this case. Different from the stationary case, for
moving targets, we need to realize time synchronization first.

The time clocks of the MMW seeker and the rover
receivers located on different platforms are not the same dur-
ing the flight. A time synchronization method is proposed to
solve the problem. The time clock of the centre control of the
evaluation system is regarded as the reference, and the syn-
chronization time of the devices are initialized as t0, t1, and
t2, respectively. T1 and T2 represent the time sequences of
the rover receivers, and t1GPS and t2GPS represent the GPS
time [24, 25] sequences of the rover receivers, respectively.
The process of the proposed time synchronization method
is given in Figure 17. The synchronization process consists
of two main parts. The first part is to synchronize t0 with t1
by traversing the time sequence of T1. The terminal condi-
tion is to determine the data sampling interval T0. And the
second part is to synchronize t1 with t2 by traversing the time
sequence of T2. The terminal condition of this part is to
determine the GPS time interval TGPS between the rover
receivers.

After time synchronization, the key parameters of the
MMW seeker are calculated with the GPS measurements by
using the proposed method. And then, results are compared
with the ones outputted by the seeker to evaluate the perfor-
mance of the MMW seeker for the moving targets. Corre-
sponding results are given in Figures 18–20, respectively.
Similarly, corresponding local enlarging results are also dis-
played accordingly. As can be seen from the results, the dif-
ference of the seeker to target distance is less than 3m, and
the difference of the pitching LOS angular rate is less than
0.15°, and the difference in the yawing direction is less than
0.2° in this case. The results shown here are well enough for
the terminal control of the active homing MMW guidance
helicopter-borne AGM.
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From the experimental results, we can see that the mea-
suring error (the error between the seeker’s output and the
proposed method) in range is less than half of the range res-
olution of the MMW seeker. The error is acceptable for

MMW seeker performance evaluation. In practice, we set
the detected value of a given resolution cell to be the middle
value. In Figure 21, we demonstrate the measuring error with
respect to the range resolution of the MMW seeker,
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supposing that jABj represents the length of the range resolu-
tion ρr . If the detected range of the MMW seeker lies within
the scope of jABj, e.g., Riði = 1, 2,⋯,NÞ, we will view all these
positions as the value of point c, and c is the midpoint of jABj.
Therefore, the maximum error will be half of the resolution,
which is 3m in this case. That is to say, if the detected dis-
tance of the MMW seeker is near point c, the error will be
close to zero. If the detected distance is near point A or B,
the error will be close to half of the resolution in range.

As for the thresholds of the error of the angular rates
along the yawing and pitching directions, they are empiri-
cally determined by the semiphysical simulations plenty of

times to ensure stable control of the missile body and precise
attacking of the threatening targets. In other words, in the
semiphysical simulation of the missile system, we will add dif-
ferent level noises to the ideal LOS rates of theMMW seeker to
test whether the system works smoothly and whether stable
control can be realized. In particular, plenty of collected real
data can help to determine the error thresholds.

The errors of the MMW seeker in the experiments are
totally tolerable, which satisfies the requirement of precise
attacking of the guidance control system of the missile. The
proposed method can provide an effective performance eval-
uation of the MMW seeker.
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5. Conclusions

An MMW seeker performance evaluation method is pro-
posed via RTK in this paper. By comparing the parameters
calculated by using multiple GPS measurements with the
ones outputted by the seeker, we can judge the performance
of the seeker and guarantee high-precision seeker perfor-
mance. The influences on the precision of the key parameters
of the seeker performance evaluation caused by the GPSmea-
surements are analysed. Mooring test-fly experiments have
verified that the proposed method can realize high-
precision evaluation of the MMW seeker, which provides
the basis of the design of the terminal guidance.

Besides theMMW seeker, the constructed evaluation sys-
tem and the proposed evaluation method can also be applied
into other guidance seekers with necessary modifications.

However, we have to note that the evaluation experi-
ments are all carried out on vast and open space to guarantee
the effectiveness of the RTK system. The unfixed coordinate
errors from the RTK were not considered in this paper. There
may be moments when the RTK GPS may not produce fixed
coordinate depending on the quality of the antenna and
grade of RTK GPS. This may produce intolerable amount
of error and therefore may not be able to provide an accurate
reference for the seeker’s output. To realize a more effective
evaluation of the MMW seeker and improve the efficacy of
the experiments, adopting appropriate filtering methods is
necessary, which is well worth working on.

Appendix

Detailed Deduction from Equation (8) to
Equation (9)

In this part, we give the detail deductions from (A.1) to (A.4).

x2

a2
+
x2 1 − e2
� �2 tan2φ

b2
= 1: ðA:1Þ

Multiplying both sides of (A.1) by a2 cos2φ, we have

x2 cos2φ +
x2 1 − e2
� �2 tan2φ

b2
a2 cos2φ

= a2 cos2φ⇒ x2 cos2φ +
a2 1 − e2
� �2 sin2φ

b2

" #
= a2 cos2φ:

ðA:2Þ

Substituting e =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 − b2Þ/a2

p
into (A.2), we have

x2 cos2φ +
b2 sin2φ

a2

" #
= a2 cos2φ

⇒ x2
a2 cos2φ + b2 sin2φ

a2

" #
= a2 cos2φ

⇒ x2
a2 − a2 sin2φ + b2 sin2φ

a2

" #

= a2 cos2φ⇒ x2 1 −
a2 − b2

a2
sin2φ

" #

= a2 cos2φ:
ðA:3Þ

Substituting e =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 − b2Þ/a2

p
into (A.3), we have

x2 1 − e2 sin2φ
� �

= a2 cos2φ: ðA:4Þ
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