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I. INTROI)UCTION.

A number of systems utilize transmitters that generate wave-forms that sweep in frequency

from an initial value to a final value in a "linear" manner during some time period (Il and then

repeat the transmission periodically. Some radio altimeters and missile radars during terminal

guidance are examples of such systems where ultimate performance is related to hoA linear the

"linear" sw\eep really is.

Most of the simple, direct ways of generating these linear frequency-modulation (FM)

continuous wave (CW) sweeps produce linearities of only about +(5- l0)¢, (one hundred times

the ratio of maximum frequency deviation from the ideal linear function duringT. divided by

the desired frequency change (B) during 1. is defined as percentage linearity). In many

applications such linearity is grossly unacceptable so some form of linearizer is usually

employed.

Lineari/ation methods basically fall into two categories: open-loop, and closed-loop. Open-

loop met hods can produce linearities on the order of perhaps ±0. I 1 , at best, while closed-loop

systems can yield linearity on the order of ±0.002% 1I j.t

This report describes the design and evaluation of a closed-loop linearizer which appears to

be the most promising approach at the present time. The design is applicable to a transmitter

at 35 (iHi, that generates a linear sweep of I GHz.

2. THE CLOSED-LOOP LINEARIZER.

Several different forms of closed-loop sweep linearizers are possible. The various systems

have been described in an earlier report I I I and are not compared in detail here. We only state

that the closed-loop system that seems the most promising from the standpoints of simplicity

and performance is the implementation shown in Figure 1.

A. THE BASIC LOOP.

In describing the operation of the loop of Figure I let it first be assumed that the voltage-

controlled oscillator (VCO) is ideal. That is, it has a perfectly linear frequency-versus-voltage

characteristic. For an ideally linear sweep command voltage the ideal VCO output frequency

would behave with time as shown in Figure 2 (solid cure). The output of the delay line in

t Rclerence% listed at the end ol this report are quoted h5 bracketed number.
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Figure I will have an instantaneous frequency versus time as shown dashed in IFigure 2(a).

Uhe mixer prodtices a signal with a frequency that is the difference of the frequencies of its two

inputs. I n practical systems t, is a small delay relative to T so the output frequency of the mixer

is as shown in Fisfure 2(h) %hcre w=27rlt,i I with B(Hz) being the frequency sweep that

occurs in time period I (seconds)t By choosing the angular frequency of the reference

oscillator equal to Cod the output of the phase detector can be made ,ero. As discussed later.

there is a non/ero output due to unequal phases of the two phase detector inputs, but this

output only represents a quickly corrected transient term in the loop. Thus. when the VCO

generates an ideal linear frequency sweep the loop feedback signal is /ero.

In all practical systems the VCO is not ideal. We can represent the nonideal sweep by an

ideal sweep plus an error component, L.et toit) represent the departure of the actual sweep

instantaneous angular frequency from the ideal linear value. L.ater analysis will show that the

loop now generates an error voltage v, proportional to o (ti) that can be used to reduce w, (t)

and improve linearity by closed-loop methods.

B. TIHE PRACTICAL LOOP.

It results that performance of the linearizer of Figure 1 improves as both closed-loop

bandu idth and ti increase. However, increasing t, can ultimately limit the useable bandwidth.

Since many systems are ultimately designed to achieve a certain closed-loop bandwidth, it

becomes necessary to select t as large as possible consistent with its bandwidth constraint. For

example, if 0, (rad s) is the desired closed-loop lineariler bandwidth, it can be shown that

t d- /2 13 (I

is necessary for good loop performance. However, selection of t, to satisfy Equation I ) can

lead to a practical problem in broadband systems.

Suppose I3, 2'=IlO'Hi is desired. Then, from Equation ( I), t,<25ns. which is reasonable.

However. note that this value of t, corresponds to a difference frequency out of the mixer in

Figure I of

t I he mier output trequencv iN actually large during time intersa s n I t n it + ,. n -0. ,,1 -. I2 -- loweser. these component,

are short in duration and are nit important to Ihe perhrmance ol the cloed-loop Ac ;%,,time the'. haswc heen remnosed in

draking t gurie 21 I1,1
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fd = Btd/T = 2.5 Mlz (2)

it we assume B= I.(6I / and F=1Ops. This value of 1,1 is less than the loop bandw idth and

direct leakage through a practical phase detector can reduce performance. I o prexent he

leakage. a trequency offset f1 can be added to fd by using the circuit ol I-fgure 3

Practical considerations of Figure 3 for large bandw\idth RI' sweeps (order ol B=l(illi

show that ti. needs to beat least several times Bsothatdirect leakage through mixer I does not

show up at mixer 2. Larger values of fi, create other problems. First. the phase detector must

now operate at very high trequency. opening up the possibility of phase stability problems.

Second, the delay becomes harder to reali/cat lower RF frequencies because, as 1, increases. B

becomes a larger fraction of allowable standard waveguidc bandwidth. Finally, unless f, is

quite large relative to B. the filtering of undesired mixer I products is difficult. These problems

can all be relieved by using the circuit of Figure 4.

By using an olsetting mixer in each of the channels feeding mixer 3 the difference lrequencv

(±-,)+f, can be set to a con\ enient value, the delay line center frequency can be chosen at w ill

(to a valuc here nondispersi%ecoaxial linedelaycan be used forexample). and both l-f,.and

t,-t7 can be selected so that mixing products of mixers I and 2 can readily be tiltered. lhe

s\stem selected for construction in this study was that of Figufre 4.

3. PRACTICAL LOOP DESIGN.

Ihe practical design of the system of Figure 4 amounts to selecting a closed-loop

bandwidth, selecting frequencies I1 and f", and choosing a delay time t,1. It is assumed that

specified system parameters are:

B= 1.01G (.il

I)=(10-100) Ms variable

L,=35.0 (ill/.

7
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A. BANI)WIDTH SELECTION.

One of the most severe errors for which the loop must correct is a slight error in slope of the

RF sweep. rhe frequency error to be corrected therefore appears as shown in figure 5. We
arbitrarily select loop bandwidth l, 27ir equal to the frequency above which all components of
frequency in the function of flgur' 5 have a total of less than 0.6('i of the power of all harmonic

components.

FREQUENCY ERROR f(t)

B E

0 T 2T 3T I

Figure 5. Frequency error.

By expanding f, (t) into its Fourier series to find the Fourier series coefficients, and using
these in the power spectrum S, (w) of f, (t). we obtain: 14. p. 431

S (M) = 2i 7 .

B 2E1D
2 - nWT) + (T + )(3)

4"T n=1 n

where

W T = 2Tr/T, (4)

The total power in the frequency interval -Nw 1otzwo<Nw,. where N >I is an integer, is found by

integration

NwT

P 1 S M ~dw

-Nw T

2N 2
12 3 + -- Z7 (1/n 2

n-1

I0



The term Bi 4 is the dc power which is of minor importance (represents a small fixed

frequency error for the loop to correct). The second term represents ac power. It is known 15,
p. 44-61 that

12 - 2
2 - 6 '(6)

n=1 n

so B,: 12 is the total ac power. P... in f,(t). -rom Equation (5) the fractional amount of ac

power outside the band -Nwi<,(u<wNwvi becomes

Fractional ac 6 N6 12
power outside F = 2 - ( )2 =n - (7)

-NWI~ i T n 1

The sum is related to the polygamma function it'(.) of order one which is [6. p. 2601.

2 N 1 2
Y (N+1)6 ( ,-E-- (8)

n=l

Thus,

F- 6 2 ' (N + 1) 2 6 N >> 1, (9)
2 it (N+1)

where '( N+11 I - (N+l)lor N>>I 16. p. 2601. For a fractional ac power F<-0.006 (0.67() we

require N>_100 from Equation (9). L.oop bandwidth becomes

r/  = N/T = 100/ 10 - 5 ] 10MHZ (10)

for T = I0)ps (worst case).

B. SEI.ECTION OF f, AND f.

Assume (f1-f: )>f,,. The difference between f, and f2 can first be found by considering the
phase detector in Figure 4. Ifa filter is to remove the direct leakage at frequency tf-f-)-( i 2 7r)

then. assuming low pass filter bandwidth of 30l, 27r (several times 01 2rr.) we require

)- (L/ 2 T) > M or (f-f 2 ) > (3M+1)/2n (I)
3 aL/27t1

~ ii



' here %I is a constant related to the number of poles in the filter. For a Butterworth filter

attenuation is related to M in Figure 6. It is actually tihe ratio of the lowest frequency we wish

to eliminate, which is tf,-,)(f_1 2rr), to thc hand width 3f3, 21r of the low-pass filter.

In a phase detector (Hewlett-Packard 10514A. for example) leakage can be about 6dB

below% the output signal. If over -YOdB is an acceptable leakage level and the lovp filter is

assumed to gi~e as much attenuation as the low-pass filter (it typically will give more) and is

assumed to hate at least two poles, then we require NI-8.5 from Figure 6. Thus,

(f 1 -f 2 ) > 107 (25.5 + 1) = 265 MHz. 12

A value (0f:) = 300 Nil]/ was chosen.

0

1 POLE FILTER

-20-

-40- 2 POLES

9
I-

-60-

3 POLES

-so- 5

-100

1 10 M 100

Figure 6. Attenuation of Butterworth filters.
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[eakages through mixer 3 are not expected to aftect loop performance appreciably.

lHowever. i, can he selected to allowr for filtration. if needed. It the lowest frequency of the

leakage. %\ hich is ,-I-( 1 2). is to he attenuated oaer 60dB hN a three-pole band-pass filter at

300%111/ \ith a hall-hand%.idth of 60M H/, then It!-S33.6(ill. A %alue of 1 -33.5 Gill/ "as

selected in the system. Since fL-,-A(.3 (ill/. then f2=33.2 (1-1,.

(. SIAICIION OFi)l.AY-lIME.

for good loop performance FEquation ( I ) must be satisfied so t, 14( 10 )=25 ns. Ordinaril

t,,=25ns %%ould he selected. Iloseser. in the present system T is variable and practical

considerations lead to another %aloe.

I, make the s\sten independent of \ariations itl I \we note that

fd = Btd/T (13)

\o" if I, \%hich ,aries in the s\stem because I karies) is made a multiple N at I I. then

fd = N/T (14)

On equating FqLiation 1 13) and Uquation (14) we have

td = N/B = N ns. (15)

I roil practical consideratoil, N - 16 is tile largest binary value of N for vhich t,,/25ns.

I). SYS IFM BLOCK )IAGRAM.

Igiure 7 is the block diagram of it sstemn having the characteristics described abo\e. Part of

the block diagram is a local oscillator generator that generates the necessary frequencies

1 33.5 (ill/. t.-33.2 (ill/,t . 300 MIII/ - 16 f-. fH = I 1. F=( 10-100),s.

4. LOOP PERIORMANCE.

In this section the performance of the closed loop system of Figure 7 is discussed. Only the

most important perfornance measures are considered. Hrst, the affects of phase instabilities

in the local oscillator generator are developed followed by a detailed developments of a

'3
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lineari/ed model for the loop. Finally, the transient and error lineariiation performance are

dc% eloped

A. I.O('AI. OSCII.l.ATOR GtENFERATOR INS'IABII.IIIES.

Consider the affects of slowly varying phase instabilitie 1 65, and 64,. that occur.

respectively, on the outputs in Figure 7 (h) that ha.- frequencies fl. f2, and f,,,. By slowly

var.ing we mean the instabilities may be taken as apnroximalely constant during any interval

of duration I. Instability 6 01 enters directly into , nain ic ,p ,f(a) and results in the phase

64 at the phase detector input.

Next. consider finding 6:. At the output of otixer 5 in Fiure 7(h) the instability is 6b -60,.

If 60, denotes the phase instability of oscillator . the phase detector produces a voltage

proportional to the VCO loop phase error, denoted by 6E 2 , given by 6E 2=t,-642 -5&.

Thus.

-0 2 163 E (16)

By use of Equation (16) the phase instability at the output of mixer 5 becomes 60+6F2. This

same instability is applied to the phase-locked loop (P1.1.) that generates frequency fr~i having

phase instability 60,d. If 6E 1 denotes the amount that 60,,, differs from its input command

60;+6E' then

60ref = 63 + 6E 2 + "l (17)

In Figure 7(a) the instability 662 of Equation (16) propagates to the input of the phase

detector as -60,- -60i+60i+6E-. The total phase instability at the phase detector input

becomes 6d,-&j6,=60,+6E2. The loop phase detector generates a voltage proportional to the

difference in phase between its two inputs. Its difference phase due to local oscillator

instabilities becomes (65+6E,)-60,,f= -6E, when Equation ( 17) is used.

From the foregoing discussion it is clear that all phase instabilities of the local oscillator

generator in Figure 7 (b) cancel in the main loop except that of the PlI.l tracking error. It is

therefore important that the PI. static error be small through design. These conclusions

neglect any errors in oscillator 2. Consider its affect next.

Suppose in a given sweep interval fk is slightly different than desired by an amount fR.

From Equation (13) the change in the difference frequency fd at the input to the loop phase

16
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detector is 6fd=Bt,,6fR. But from Equation (15) 6fd=N6f where N=16. Since the frequency

change on f,, of Figure 7 is similarly 6f,.=N6fR=166fR there is no net error at the loop phase

detector output. This evaluation only verifies that our previous selection of delay td to make

the system independent of the actual value of fN was correct.

B. LIN!ARIZFI) 1.OO1 MOI)II..

1:rom the standpoint of anaylizing the transient and static behavior of the system of Figure 7

the frequency shifting circuitry can he neglected and analysis can center on the system of

Figure 1. l)cfinc K% (rad s pervoltas the desired "gain" of the VCO. KIV 'rad) as the"gain"

of the phase detector and K1, (V V) as the dc gain of the loop filter that has a voltage transfer

function H(s).

Consider the systern first in an open-loop condition obtained by opening the line at the loop

filter's output. Ideally the VCO should produce a frequency sweep of B(Hz) in a time interval

U(s). [he required sweep command therefore is

V _(t) B t , 0 < t < T (18)Vr K K T  ' " - "

V

Such a command would ideally generate a VCO output angular frequency of ,+(27rBIT)t.

O<t<T where w, is the initial angular frequency at t=O. However. the VCO is not perfectly

linear and an error term occurs that we denote by w(t). The actual VCO angular frequency

becomes tW\, ,(t) = a),+ (27rB T)t +(v, (t). Since phase is the time integral of angular frequency.

the phase of the actual VC(O output. denoted ox-o(t), is

t
W)CO t =/ W VC dE (19)

t
= c'tt + (TrB/T) t 2 + 0 + _ E(C) dE

where 0% is a phase constant of integration representing the phase of the VCO at time t=0.

At the loop mixer the phase of one input is given by (19) while the other is (,(t-td)

17



|hals (IF[ Wt i0 t d- (OTB/T) t d2 + /€ ( 2,Tr t d/T) 
t

+j;( ) dC , (20)
t-td

which is the difference in input phases. The quantity (27rBt,, F) is the difference angular

frequency a)d caused by the delay t,. It is the angular frequency of the reference signal. Let

Oref (t) = Wdt + 0 ref (21)

be the phase of the relerence signal where 0,w is a constant. [he phase detector output will be

proportional to the sine of the difference phase ,,.t) - 1,,(t). in general. However. if the

difference phase is small, which amounts to linearizing the loop, then

V D Wt K KD J [ref - Witd + 0(13 td 2/T)

t

-f WE(0 dE . (22)

t-td

Now even though 0,, can be made the same from sweep-to-sweep [See Equation (14)1 there is

no control of w, and T can change from sweep-to-sweep.

Therefore

-= 0 ref -itd + (rBtd 2/T) (23)

represents a constant (in one sweep period) phase error that the loop must null out on every

sweep.

In general. 01 may initially be large enough so that the linearized Equation (22) does not

hold. However. once the loop has nulled the large error, it is reasonable to expect that over a

number of sweeps ,, and I, will not change so rapidly that Equation (22) will not hold. We

shall therefore assume in the following work that 0, is a small phase error.

It is to be noted that Equation (22) results even if the ideal linear sweep of the VCO is

removed. In other words, with respect to loop correction of errors wi (t), we can let P, in Figure

I be zero. With this and earlier considerations in mind, the equivalent loop of l.igure 8can be

18
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used to anaIN/c transient performancc in correcting for error w, (t. [he transter junctions of

the blocks are , ho\n in s-domain notation. Because only errors are now jnvolcd. w, )(t)

represents the residual or uncorrected nonlinearity iI t he VC() angular frcquelcy.

If u\,,,(s). o,,() and 01(s) are the I.aplace transforms of ,\,(). w( t and Ol(t),

respiecti\ dy. it is found that

W (s) + K K H(s) 61..(S)

1+Kv K DH(s)e-Std/ 2  eStd/ 2 -e -Std/2-1

s j

Io simplifN [iluation (241 let s=.jw and note that

- J~td/ 2  e t/ -Jtd2

e F-i[Wtd/2-e iwtd/2 sin (Wtd/ 2 ) -jwtd/ 2

L w = td (wt d/ 2 ) e

t t d  if w<< 2 /t d  25)

[his condition is met in all practical systerms so

CO:(s) + K KD H(S) e S

SVCO ( S ) =(26) 1 + KvK t d H (S)

becomes the basic equation for use in modeling transient behavior.

C. INPS O[: fOOPS.

Choice ol loop filter determines the type of loop. For example if I!(s)=K1, (a constant) the

loop is said to be type 0. Based on stability considerations surrounding the approximation

Ilquation (25)1 it can he found that loop gain K=K, ,)t,,K is limited to about 3.2 IOdii). [his

fact makes the type 0 loop impractical for present purposes.

If the loop transfer function has the form

K H

H(s) = H (27)
1+ T 0S

020
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I

\ here K. and 0 are constants, the ioop is approximately type I it' ITO s->I lor most

frequencies of interest. In other words. I(s)-K ji ros an integrator. [his form of loop is stable

and capable of higher loop gains than is type 0 but not as high as a type II loop. fr the same

band\\ idth.

An approximately type II loop results when H(s) has the form

H(S (1 + T2 s) (28)
H(s) =

(1 + Ts) (1 + i

%here rO> Tr>'r: are constants. This form of filter has been assumed in following work. It

provides high loop gain with good stability if properly compensated (choice of Tl and r2).

I). TRANSIENT PERFORMANCE.

B\v substitution of Equation (28) in I-quation (26) and considering only the term involving

frequency error w, (s) we have

w (s) = W(S) 11+(T+ 1 ) S + T0 T1  2 (29)
VCo (1+K) + (TO+TI+K2)S+ TS

where

K = KvKDKHtd (30)

Now the transient behavior of the corrected error Iinverse Laplace transform of Equation

(29)1 depends on the choice of loop parameters K.T. 1 1. and T,. If o is defined as the angular

frequency -where the open-loop gain of the system is unity (0dB). then a reasonable and

somewhat conservative (with respect to gain and phase margins) design is defined in Figure 9

where

0V (31)

T0= i00 %-/ 0  (32)

100/a (33)
0

T = 10 / 0  
34)
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and ,=2rr( ) I rad s in the system. With these parameters [quation (29) has the form

( (s) a 0 +a, s + s2]
VC0 (S) - ; _(5
VCO (S + a) (s + Y)

\ here

51 - i -  j 2 Z 3.1623(10 -  ) (36)

a, = (T 0 +T 1 ) /T 0 1 = 10 - 3 (10+ Vi7O) %0  0.01316 B0 (37)

o+T 1  2 4(+K T

2T 0 T 1  T-- 1 + K T 2)2

0.9023 B0  (38)

T + T + KT 2  14(+K) TO1

01 2 2
-2 2TT1 I - i- (O+TI + K _r2)2

0.1109 B0  (39)

9 Step oft rror

It a step Aw of Irequency error is to he corrected by the loop. then wi(s) = Aw s and

I 2
w 0(S) a 0 + a I  S 4

h s (s + ) -(s +y) (40)

I he in% erse laplace transform of IFqtlation (40) is known. Alter substitution of Fquations(36)

through (39) we have

wVC°(t 3.16(10 - 4 ) + 1.12 e-0.9B0 t

Aw

- 0.124 e-" 0"lt t>0 .41)

23



For practicaI it .I tcs of I w thle constatttermil is negligiblie. [ he first transitent t erm in Fquation

(41 q uickly dlies out and equals the second term at t = 2.79 fl-. [hlereafter the second term

dominates.

A step is important tin the system because the VC) may not leturn to the same initial

lretjnicnc\ from ,A~cep-to-swcep due to VU() instability and to errors in the initial sweep

voltage onl thle V('O. Suppose thle VC() ramps 1000) NI [I/ with 25V oI liep [en an initial

s%%eep voltage error of only I i can cause 10 M [I/ of iitial frequency error. From Equation

Of1 4 it \%ill take approximately t =23 fl. 0.37ps f'or the error to be rcduced to 0.01 'i of the

ss\ cp of 1(000 MI H/.. Ini the case w\here I = l0ps this is transient or recover\y interval is 37('( of

the -.sccp period. Because of- these facts, tight control of the initial sweep frequency may he

n~cecssar\.

It should be noted that a fixed f'requency error in the sweep sho~ks up in the loop as a

constant phase error Awt, arising fromt the term K owt,i in Equation (23). 1 hus. the above

consideration of at step of error has actually done the equivalent of evaluating the phase error

term 0, of E-quation 4234. l'o see this [act, observe thht 01 in Fi gure 8 can be moved up to the

sumin pint\4it w, (t) haloig another (constant) 1'requency error of'0, ti4 rad s4. For

the above Aw 21r of 104 MI H/ we hav e 01 = 27-( 10 )t,, = 0.32 7r rad or 57.6 degrees of phase error.

Ihits. ± 104 NI H/, Of initial sweep f'reqtiency error is equivalent to ±57.6 degrees of phase error

01 (or the loop to remove.

*Ramp of' Error

If at ramp of frequency error wkith slope Ak ( rad s per second) is to be corrected. Equtation

035) becomes

w (S) Ak (a 0 +a, S4-S2) (424)
V 2( S + (X) ( s + 'Y

"Ihich has the inverse laplace transform

VC0 W 0.129 + 0.000316t

- 1.25 e-09 + 1.11 e_-'O ,t>O . (434
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FKen for relativel% large sweep slope errors (Ak of +5"i of the I(M) MH/ in I0 Ps for

example) the residual constant error term in !quation(43) is small (about ±0.0011', of the I0(0)

NI i sweep). [he two combined exponential terms for the same .k do not exceed ±0.(X)57(:i

of the 1000 M Ii/ sweep (the maximum occurs at t =3 13) and are less than +0.0011;i after t

20 11, = 0. 16 s. These values indicate the systems can tolerate main sweep slope errors as large

as about ±5'e.

1lie term of :quation (43) that is linear in t is a cumulative error. -or the worst case (t=])

the maximum error ±3.16110 4)Ak] is less than ±0.001 i ol the 1000 MI sweep if

Ak<+2r3. 16)( 10) U rad s per second. [his is about ±3.2(' of the worst-case (smallest)

svstem sweep slope. When these results are combined with those of the preceding paragraph.
we see that system sweep slope errors of about ±3.2( can be loop compensated for any of the

sweep period from 10s to 100 Ms.

* Sinusoidal Error

Examination of the nonlinear frequency errors of a typical (unn device VCO I1, Figure 51

shows them to be approximately sinusoidal with about one cycle of error during each sweep.

By assuming a sinusoidal error Awsin(O. where Aw is the peak error in angular frequency in

the sweep and /3 is the angular frequency of the error. Equation (35) becomes

W V 0 (s) 13 A (a 0 +a1  s + s 2) (441

(S2 +13) s + L ) ( s + 7)

I he inverse l~aplace transform of Equation (44) is known, and, in terms of our loopdesign,

reduces to

vc (t) R e0.9ot e-0.113 0t
AR1 0 + R2

+ R3 sin (13t + T) t>0 (45)

where tJ, is an unimportant phase angle to the present discussion and

Rl Z -101.4 X (46)1: 2
8141.0+ X

25



R 2  1. 3 7 X 2 (47)

123.0 + X

R3 (0.32 - 2 + 1.73 2 48
(8141.0 + x2) (123.0 + x

X = 100 B/S 0  (49)

lhe worst case of these errors occurs for the fastest sweep where one cycle oferror per sweep

corresponds to X= 1. In this case R -- 0.0125. R2 -0.011 and R;0.0015. Ri is the residual peak

error after loop correction. I fthis error is to he within ±0.001 Ci of the sweep, then for one cycle

of error per sweep. .<27r(10 ')B R 27r(6.67)10. which shows that a sweep peak

nonlinearity of 6.67 MII/ or 0.67'i of B can be allowed. Of' course, larger initial sweep

nonlinearities are possible but residual error %kill be larger than ±0.001('i of B.

For distortions of several periods per sweep ( I<X). Equations (46) through (48) all increase

proportional to ) for <1%l0. Ihus, the residual errors tend to increase as well for a fixed Aw.

I1owe\er. the Fourier series expansion of an arbitrary' nonlinearity WI,(t) nearly always

produces harmonics that decrease in amplitude at least as fast as I n. This means that .cu for

higher harmonics is expected to decrease about as fast as R . R.. and R, increase in magnitude.

[he final conclusion is that no one harmonic component of ,i,(t) is expected to produce

residual errors larger than the fundamental for )=I.

When the sun of the two exponential terms in Equation (45) is considered, it is found that

the largest magnitude of error for X= I occurs %\ hen t = 2.9 f1,,=O.O 4 6ps. Ihe maximum value

of residual error in a,,,(t) due to these terms is 7.3( 10 F)A. For this error to be less than

0.001(i of H %%c require _\t<27r( 1.37)10" or a maximum uncorrected sweep error of 1.37 \ Ii

(0.13711 of B). Such a requirement is not likely to be true; therefore, the transient terms of

Equation (45) are the dominant terms in the system. Fortunately. these terms die out rapidly

with time. [heir sum becomes less than the sinusoidal term's residual error(for the same A.wI

when t >20 ,=0.32us and therefore occur over only 3.21i of the period of the astest sweep

and 0.32"; of the slowest sweep period.

To gain some overall insight into the linearity capability of the system 1.4gtr' 10 has been

constructed based on preceding analyses and assuming sweep initial frequency error of 1 ' t

H, an error ol 51'i of 1 in the sweep's slope, a peak sinuisoidal error of i of H. and the shoi tct
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sweep period of lOps. At the start of the sweep linearity is only as good as initial frequency

errors allow. Ihesc errors do riot become negligible until about 6.4 '; of' I after the sweep starts

[hereafter. errors are due mainly to slope errors and sinusoidal errors. Ramp and sinusoidal

errors are roughly equal in the time period shortly after 6.4(,j of F. Near the end of the sweep

the sinusoidal error is about 4014 of the total error. It is clear that initial frequency and slope

errors are important. For comparison, the errors due to sinusoidal nonlinarity are shown

dashed.

5. SUMMARY. DISCUSSION AND CONCLUSIONS.

At the present state-ol-the-art. closed loop methods are capable of the best linearity in

generating linear [M-('W sweeps. FI'(oure I illustrates about the best closed-loop system

kno%\ n at this time. Based on various practical design considerations, the system conceptually

embodied in Flgure I is best implemented in the form of' Figure 4. The overall loop behaves

approximately as an automatic frequency control (AFC) loop.

[his report has described various procedures necessary in the design of loops like that of

Figure 4. Although numerical values have resulted from a desire to have a I00 MH/ sweep

occur during a period F that is variable from lOs to 1l00s. the sweep being centered at 35

(ii/. most of the procedures apply to any design.

Ihe first design step is to choose the sweep period i (the minimum value ifT is variable).

Closed-loop bandwidth fli (rad s) should then be chosen as large as possible to minimize the

,w\eep time during which transient terms occur. Other bandwidth selection criteria were also
given in the text. Present limits in the art for medium design difficulties appears to be about

11, 2r=l0 MII/. which was chosen in the present system. At any rate. 13, 27rZl0 T should

he chosen. With this choice the transient interval is about 6.4"1 of .

the next design step is to select loop delay t, according to t,,!ir 2#, . [his choice will allow a

loop having a phase margin of at least 39 degrees and gain margin of about 8 dB. Ihe present

system uses a delay t,= 16ps<7r 211, =25is because of practical considerations concerning the

need for the s,,stem to operate oser a decade range of l its gain and phase margins are about

13d B and 56 degrees. respectively. I hese system values assume loop delay is small in relation

to t,. If delay is not small when the loop is constructed, it may he necessary to lower the loop

bandwidth 131 slightly to compensate for phase shifts introduced by the added delay.

Figure 9 illustrates a good choice of an open-loop transfer function where f,, is an arbitrary

unit%-gain angular frequency and 11,,= I t. Because 1, g ill approximately equal (but \sill be

28
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slightl\ smldler than) /I, onc can design f'or any particular application once III has been

selected. Anal sis ot t he closcd-loop sweep lincari/ation capahilit\ of thle design leads to

1ligulrc Iii "shich gi\s tshe percentage (of' the -weep of B 11lu residual uncorrected sweep

I'requenc\ errors as a junciion oft time through the sweep period I . I'hedataapply to asystemn

wsit h tip to P(, Iol B) initial I relucnicy error (at the start of the sweep), up to 51e'~ sweep slope

error. and at sinusoidal open-loop VC() nonlinearity of* li (of 8). Vhe results show a linearity
erroi of about !O.004i tot lBt or less over936 ol'the swe peid iert ror is as largc

as ' V(duirnl the initia~l 6.4(1 ot the sx~cep because of transients that occur ss hile the loop is,

d\ nainica l reduneing open-loop errors to (tie stead\~-state closed-loop lex els.

In stininaro. this report describes the design of'a closed-loop systemn theoretically capable of

inipro i ng thle linearit\ o ata "linear- I -CW sweep f'rom about ±l( l i nearity to about

+ 00014 ( incarit\ I he reported ellort is a continuation of an earlier study I II to determine

basic lineari/ation concepts. Ihe next logical extension of this w ork is the construction of a

protot\ypC system for evaluation. Mforts are being made in this direction at this time and it is
hoped that results of' evaluation will soon be available.
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