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ABSTRACT

Analyses have been made of three
half-wave and three full-wave circuits em-
ploying unbiased linear rectifiers as har-
monic power generators. These three cir-
cuits utilize (1) a resistive generator and
a resistive load, (2) a resistive generator
and a tuned load, and (3) a tuned generator
and a tuned load.

The maximum harmonic gain, defined
as the ratio of the available harmonic power
to the maximum ayailable fundamental
power, has been found for each circuit. In
all cases the gain decreases as the fourth
power of the harmonic. Odd harmonics
above the first are not present.

PROBLEM STATUS
This is an interim report; work is con-
tinuing on the general problem.
AUTHORIZATION
NRL Problem R03-06R

NE 041-201
NR 503-060
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HARMONIC POWER GENERATION USING UNBIASED
IDEAL LINEAR RECTIFIERS

INTRODUCTION

Microwave power of good frequency stability is required for many applications. It
may be obtained by frequency multiplication of lower frequency power from oscillators
controlled by quartz crystals through use of the nonlinear characteristic of point-contact
rectifiers. Because these have limited power -handling capabilities, consideration of the
conditions for maximum harmonic output is important.

Previous treatments of harmonic generation have considered the cases of triode or
pentode operation where the reaction of the output circuit on the source can be neglected.
Terman and Ferns® calculated the output current at various harmonies for the special
case of a pentode where the output circuit does not affect the shape of the current pulses,
and Scott and Black® generalized this to include the effect of a tuned output circuit on the
harmonic output currents. Both papers assume a sinusoidal input wave without reference
to the internal impedance of the generator.

In this paper the harmonic output power for various diode circuits is calculated in
terms of the available power from the source. This ratio is here called the harmonic
gain of the network and is significant when a chain of multiplier stages is used, since then
the output of each stage is the source for the following multiplier.

This report analyzes several diode rectifier circuits, both half-wave and full-wave,
which use ideal unbiased linear rectifiers for harmonic generation. For completeness,
the well-known circuit’ of the ideal half-wave rectifier in series with a resistive load
and a resistive generator is treated first. This is then generalized by first replacing the
load resistance by a tuned impedance and then by replacing both the generator resistance
and the load resistance by a tuned impedance. Finally, each of these cases is treated as
a full-wave circuit.

Throughout this treatment the tuned circuits are idealized by assuming that they pre-
sent a resistive impedance at some harmonic frequency and zero impedance at all other

' perman, F. E. and perns, J. H. "rhe calculation of Class C Amplifier and Harmonic
Generator Performance of Screen-grid and Similar Tubes," Proc. I.R.E., 22, 359-373, 1934.

% scott, #. J. and Black, L. J. "Harmonic Generation,” Proc. I.R.E., 28, 449-468, 1938.

3 purst, 0. R. "Harmontic Agnalysis of Overbiased gmplifiers," Electronics, 17, 143-144,
¥ar. 1944,
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2 NAVAL RESEARCH LABORATORY

frequencies. Therectifiersareas-
sumed tohave a constant resistance
p in the forward direction and an
infinite resistance in the reverse
direction. The half angle of con-
duction ¢ is illustratedfor the gen-
eral case of the second harmonic / '\
by Figure 1.

E,cos 2 wt

/'2
/,’ = wi.

:
=

CASEI: RESISTIVE GENERATOR, ' Ecoswi
RESISTIVE LOAD

Figure 1 - pefinition of ¢, the half angle of con-
duction (conduction ceases when the voltage
across the load equals the driving voltage)

For thefirst case tobe analyzed
(Figure 2), we may write the equa-
tionfor the circuitduring the period
of rectifier conduction as:

Ecoswt = i(t) (r + p+R) , (1)

from which
Ecoswt

i(t
® r+p+ R

I
—
r2
—

Since i(t) is an.even function it can be analyzed into a Fourier cosine series. The peak
n“!-harmonic current is given by

m »
I = —%— J'i(t) cos nwt d (wt) , (3)
=T
or oF "
Ih=7(r+p+ R J’cos wt cos nwtd(wt) (4)
Yo

on substituting (2) in (3) and changing the limits to o to ¢, since the current is zero for
angles greater than ¢, where ¢is the half angle of rectifier conduction. For this case we
see, by setting i(t) = 0 in (1), that cos ¢ = 0 or ¢ = 7/2. Then

E sin(n-1)¢ sin(n+1)¢]r/2
L= (r+p+R)[ O R | ]0 ; (5)

i(t) :-gﬂ+ [ coswt+1, cos 2wt +....

+In cos nwt +....; (6)

SR Th = "L -

m
. . —n(r PP [1 +?coswt

+icos 2wt --3 cos 4wt +....
15

E cos wt (-1)&1/2) 20
+ 2_-__11’ |
wherenis even. It will be noticed that
Figure 2 - Resistive denerator feeding a there are no odd harmonics present (ex-
resistive load cept the fundamental).

cos nwt +...]; {7
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It is convenient to introduce the following function, which will be used throughout this
paper:

Fmn®) = Fom @) = sin (n-m)¢, sin (n+mjé _ Fmn = Fom . (8)
n-m n+m

When m = 1, sin (n-1)¢  sin(n+1)¢

n-1 n+l

Fin = 9

The power present at the nth harmonic is Py, where

__:ERFip

Ps=321: R = .
R [7(r+p+ R)]Z

o)

(10)

The power that the generator would deliver to a matched load (without the rectifier)
is P = 3 E?/4r, where R =r and E is the peak voltage. The harmonic power gain of the
network is

P
Gn = %HER
4r
4r Fq R
1n
Gn )% 72 [I‘+P+R] 2515 {11}
Since ¢ = 7/2, from (9) we find 2
T (12)
where n is even, and therefore
G = 16 rR
B #n-1F @+p+Rf ° (13)
If R is varied, the maximum gain occurs for R =r + p and is
Gmax(R) = 4 I 14
n 7n® -1*r +p ’ (14)
whereas if r is varied, the maximum gain occurs for r =R +p and is
max(r) = T2 TN -
Gp mmZ-1P R +p (15)
These maxima can be equal only when
sy
R+p r+p !}
which occurs when R =r. For R=r+pandr =R +p,p=0. Then
Gmax = _.__4ﬁ - (16)
n 7°(n® - 1)

Thus it is seen that, in this case, the gain can always be increased by decreasing the
rectifier resistance, or what is equivalent, by increasing the ratios of load resistance to
rectifier resistance and of generator resistance to rectifier resistance.

AT 1TrrrUIAMND



4 NAVAL RESEARCH LABORATORY

CASE II: RESISTIVE GENERATOR,
TUNED LOAD

In practical cases the load
impedance will generally be a
tuned circuit. This may be rep-
resented by an impedance which
is resistive to the nth harmonic
and offers no impedance to other
frequencies.

E cos wt

For the period of diode con-

Fidure 3 - Resistive denerator feedind a tuned load duction in the circuit shown in

Figure 3,
Ecoswt =i(t)r + i(t) p + InRncos nwt . (17
Using the same method as used in Case I we find
6 ;
Eis WE?)- J' [Ecoswt - IyRy, cos nwt ] cosnwtd (wt), (18)
o

where ¢ is again the half angle of rectifier conduction but in this case need not be 7 /2
since the flywheel action of Rp may have some effect.

EFln

Integrating and using (8),
I = 7(r + p) + RnFnn (19)

where n is even. The angle ¢ is determined by putting i(t) = 0 in (17). Then

E cos
In = Rpcosné (20)

Equating (19) and (20), 7(r +p)

cosng
Fln COS¢ = an (21)

As in case I, Py 8r Pp 415 r Ry

Gp = Tee~ @ E? ; (22)

Substituting (19) in (22), we find :
4F1n TRy

D =ra(r +p) + RnFnn]”

G (23)

The variabie Gp is a function of r, Rn, and ¢ , where ¢ is determined by the implicit equa-

tion

cos no
cos¢

Rn(Fin - Fan) - (e +p) =1(r,R,9) = 0. (24)
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We can now find the maxima of Gp by using Lagrange’s method of undetermined mul-
tipliers®:
Gn(rsRn’¢) +A f(I‘,Rn, ¢) =0

8 G af dGn of dGp af _
T o e S Tk (25)
2
3Gy  [a(r +p) + RnFnn] 4F1n Rp (26)
" ar [#(r +p) + RnFnn] *
af
ﬁ-= =T (2?)
Rp F 4FinRn - 8 Fin TR
5o [17(1‘+P) + Rp Fnn] in En in n. (28)

n[7(r+p) + Rnan]’-

Using the second equation of (25),

)L(F cosng F [‘JT(I‘ +p) + Rp Fn_n] 4Ffinr = BFin FnnrRp -0
1n - Fpp) + : 3 e
os¢ [a(r +p) + Fnn Rn] (29)

Substituting (28) in (29), we obtain a solution for Fipn = 0. Since Fip =0 at ¢ =0, wefind
that the gain again has no absolute maximum.
Substituting (21) into (23) and simplifying,

cos né
4(Fin “cosd an) T - (30)
cos® n¢o r+p

Gn

2
If we now letp =0, cos® ¢

cos no

4 Fin Tos¢ - Fmn
Gn = — 5 (31)
m cos’néo

cos® ¢

We can find the maximum for this Gy graphically or approximately by making the ap-
proximation that ¢ = 7/2. Then

Fip =% n=_2.1’ cosné = £1, Fyp = 7/2.
Then if ¢ differs only slightly from 7/2,

cosd = -(¢-7/2) =-a.

- courant, R, "Differential and Integ¢ral Calculus," yol. II, pp. 188-202, Interscience
Publishers, Inc., 1936.

AT ITFfPUTAMD



6 NAVAL RESEARCH LABORATORY

Then ( 9 9 -1)
4 ]S 7 \n2 -1 2
aB

Maximized with respect to ,

ax o
G Y= 1P

(33)

assuming ¢ = 7/2 and p = 0. We notice that this value of Gy is double that obtained for
the same simplifications used for Case I(16).

E cos wt

Figure 4 - Tuned generator feeding a tuned load

CASE III: TUNED LOAD, TUNED GENERATOR

Perhaps the most practical circuit using an ideal rectifier as a harmonic generator
would utilize both a tuned generator and a tuned load. In this case, Figure 4, we can gen-
eralize the solution by solving for the mth harmonic current when the load circuit is tuned
to the nth harmonic of the fundamental. As before,

Ecoswt =I1r1 cos wt +i(t)p + InRp cos nwt ; (34)
Im = J'“i(t) cos mwt d(wt) (35)
-7
9 ) :
= —-5 J- [(E-I1r1) coswt - InRp cos nwt ] cos mwtd (wt) (36)
m
o
= :—p [(E-11r1) Fim - InRn Fam]. (37)
For m=1, {
Iy =ﬁ—p[(E-I1r1) Fi1 - LRy Fyy ] (38)

For n-m, fy =L (B-rp) Fiy - LRy Fan J. (59
p
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Solving (38) and (39) simultaneously we find

2
7pF11 + Rn(F11 Fon-Fin)

I1 = E 40
m°p® + ToFnnRn + 1pF11711 + r1Rn(F11 Fnn-Fln) &
Fin
) B 41
" 7°p® + 7pFnnRn + mpF1171 + r1Rn(F11 Fnn - Fin) . (41)
The cutoff half angle of current flow (¢) is found from (36) when i(t) = 0:
(E-I1r1) cos¢ =InRpcosng . (42)
Substituting (40) and (41) in (42) we obtain
o
Bn = cosn¢ 5
Fip ——— - F
in e nn (43)
:Ih Rn 4rIRn
=" Em, JE\ ° (44)
4rq
Substituting (41) and (43) in (44),
47pry (Fln SoERe Frm)
Gy = cos¢ (45)
_[Hp 0589 poarEBY Flnrl]"
cos¢ cos ¢

Gy, is seen to be a function of ¢ and ri, ¢ being a function of Rn but not of r1 (45).
Since it is difficult to maximize Gp with respect to ¢, we first maximize Gn with respect
to r1, obtaining

rina'x Gn _ 7p + RnFnn ) (46)
F11 +—& (F11Fnn - Fin)
P
Substituting for Rp, o cosn¢
,maxGn _ cos¢ (47)
1 T cosné g
cos¢ In

Substituting (47) into (46),
= cosng¢
In Gos¢ — Fmn
ngax i

(48)

cosno [ cosng
cos ¢
This is the exact equation for harmonic gain, maximized with respect to the genera-
tor impedance. The maximum Gn as a function of ¢ has been computed numerically for
n = 2, 4, 6, and 8; results are shown in Figure 5. The ratio of R, to p for any angle ¢

AT 1T~ UIAMD
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Figure 5 - G, as a function of ¢ for eguation 48




NAVAL RESEARCH LABORATORY 9

is shown in Figure 6. Anapproximate
solution can also be found as inthe pre-

. vious case:
15| - W
g
ghaxri__ o -1a 2 (49)
14 l ! ;o 2 )
e ¥ a\8a n? -1
i3 gl = =
aa%og% 22 Since ¢ is approximately /2,
% o 2
_ 2a 5 = (50)
1]
F and hence Amax ry _ 4o 2%
- T{(ﬂz - 1) (51)
o ® :
—-Pz- Maximizing GI®* T1 with respect to a,
8
( we obtain o = Hnjz__ly - (52)
and max rj &
6 /l Gn = 72 (nz = 1)2 . (53)
5 As is shown in Table 1, this approx-
/ imation for GR2X gives results close to
4 those obtained by plotting (48). It will be
f noticed in Table 1 that there is very little
3 difference in going to a high harmonic in
/ steps rather than in one operation. Thus
2 for n=4, we lose 27.6 db by obtaining the
harmonic in one stage and 27.1 db by ob-=
! taining the fourth harmonic in two stages.
G}mux
o Equation (53) is seen to be identical
155 160 165 L70 175 180 185 1.90
é with (16) except that in the tuned genera-
tor, tuned load case, the approximation
that p = 0 is not made.
Figure 6 - Ry/p vS. ¢
If we use the approximations above
S and substitute (52) in (43), we obtain
Rn ™ - 2p. Doing the same in (46), and neglecting 2/(n?- 1) as compared to(r® /4)(n® - 1),

we obtain rfﬂax Gn = 2p,

CASE IV: FULL-WAVE RESISTIVE GENERATOR, RESISTIVE LOAD

Since the output of a perfect full-wave rectifier contains no fundamental current, it
might be assumed that the remaining harmonic powers would be greater than in the full-
wave case just described.

The full-wave rectifier circuit may be analyzed by splitting it up as shown in Figure
7. The current through the “A” loop may be considered independent of the “B” circuit since
when current flows through the “A” loop none flows through the “B” loop and vice versa.

ATT ITTrCUTIAMD



10 NAVAL RESEARCH LABORATORY
TABLE 1
Solutions for Maximum Gp
(0] Decibels
Half Angle of Below r1 | By
Using Equations: Harmonic Max, Harmonic | Harmonic | Max. Avail. | — | —
Gain (Radians) Gain Fund. Power P
2 1.95 0.04400 13.56 2.18| 1.79
4 1.61 0.00175 27.6
6 1.588 0.000327 34.9
8 1.58 0.000101 39.96
(48) 10 15797 0.0000412 43.85
(Exact) 12 1.575 0.0000197 47.1
14 1.574 0.0000106 49.7
16 1.5733 0.0000062 52.1
2 1.78 0.04503 13.47 2 2
< 1.613 0.00180 27.4 2 2
6 1.589 0.000331 34.8 2 2
8 1.581 0.000102 39.92 2 2
(52) and (53) 10 1.577 0.0000413 43.83 2 2
(Approximate) 12 1.5752 0.0000198 47.04 2 2
14 1.5741 0.0000107 49.72 2 2
16 1.5733 0.00000623 52.06 2 2
18 0.00000389 54.11 2 2
20 0.00000255 55.94 2 2
22 0.00000174 57.60 2 2
E
-5 cos wt,

Figure7 - Full-wave resistive gdenerator feeding aresistive load

Then

Likewise

2

coswt:ia—;-‘-+iAp+iAR; (54)

2 Ecoswt . (55)
r+2p+ 2R

-E coswt (56)

I e =
B r+2p +2R
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: 9 /2 2E 7/2
= - ip cos nwtdlwt) = s wt wt dlwt
An “IDIA wt dwt) T I co cOS n (wt)
- - 2E !
A0 T p(r+2p+2R)’
e it BB W
Al = 7(r+2p +2R) 4 °’
EFin(7/2)
Ian = aer + 2p + 2R) 7
2E T
B = Et o J' cosw t cos mwt d(wt);
/2
I A I .
BO a(r + 2p +2R) A0
2E s
gy = “7(r + 2p + 2R) 4 “lay;
EFqn(7/2)
Bn =7 2p+2r) " A0
- % : 2E F1p (7/n)
n = 1An* 'Bn T 7 . 2p 4 2R) ’
1 2R E* Fin (7/2)
F'n="‘I12.1 R = 3
2 2 (r 220 = 2R)
P
o 12 E: 8rP, 16r R Fip (1/2)
D 4 B 7 (r+2p+ 2RP
Since

2 4
Fll‘l (11'/2) = (nT—T)'E' ’

a 64 rR
R " 32m-1° (r+2p+ 2R °

Here again we have no absolute maximum unless p = 0, in which case

64 rR
G =F@ -1 &+ 2R

11

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

ATT 1T L U0TAMD
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This expression is a maximum if r = 2R, in which case

8
Gy =77 (n% -1)2 -

(70)

We see that the harmonic gain for the full-wave case is double that for the similar half-

wave case.

Figure 8 - Full-wave resistive denerator feeding a tuned load

CASE V: FULL-WAVE RESISTIVE GENERATOR, TUNED LOAD

For the full-wave case with a resistive generator and a tuned load (Figure 8) we can
make the following derivation:

-Ez- coswt =ial(t) (% +p) + (IAn + IBn) Rn cos nwt;

2

iA(t) =

E
-5 coswt =ig(t) (-;— +p) + (Ign + Igy) Ry cos net;

E cos wt - 2(IAp + IBn) Rp cos nwt

r 4+ 2

where $A is the half angle of rectifier conduction through the “A” loop. Then

IAm = T(r

2

+ 2p)

7(r

Ip1 = e

1

+ 2p)

1

+ 2p)

1

+ 2p)

IA}J = H(r

bA
j [E cos wt - 2(IAn + Ipp) Ry cos nwt d(wt)]
o
EFim (¢A) = 2(IAn + Igy) Ry anWA}:I;
E F11(¢a) - 2(Ian + IBp) Ry F1n (¢A):| ;

E Fin(éa) - 2(Ian + IBn) Rn Fpp (¢A):|;

(71)

(72)

(73)

(74)

(775)

(76)

(17)

Likewise, assuming that the two rectifiers conduct for equal periods, and that
the current pulse through the “A” loop is symmetrical about the reference axis, the
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current pulse through the “B” loop will be symmetrical about a point 7 radians from
the reference axis. Thus

L]

9 m
IBm = - m J. i [E cos wt + 2(IAn + IBn)Rn cos mwt d((.lJt)] (78)
- - ————[EFim®) + 2(an + BORaFmn@ [T 5 (19
7(r + 2p) T—-0A
7 sin2né 77 cos 2n7 sin 2néA
Fon (9) e el
T ] 2 A 2n
T-$A o Tr-¢p
sin 2m ¢A
= ¢ + ———= F(d4); (80)
2n
- sin(n-1)¢ Sin(n+1)¢] T &1)
Flnw)] T-PA iy T T-da '
= -Fqp(¢4) for n an even number (82)
= +Fq,(¢4) for n an odd number. (83)
Assuming only even (except for the fundamental) currents present,
1
I e [E F11(¢4) - 2(Ipn+Igp)Ry Fln(¢A)] =-Ia1;  (89)
L
Ins = - 7 s [—E Fin(%a) +2(Ian+ Igp)Rn an(tbA}] =IAn- (85)
I we let Ip1 =1, IAp = In, ¢A =¢, then
1
In = m [E Flnw') - 4]:!1] Ry an(¢):| (86)
k EFip (¢) ] b
2@ + 2p) + 4By Fanld) (87)
When iA(t) = 0 in equation (71),
Ecos¢ =4I, Ry cosn ¢ ; (88)
E cos¢
B RN 89
s R Rpcos n¢ )
Equating (87) and (89), E cos$ E Fig (9)
= (90)

4R, cos no -fr(r + 2p) + 4 Ry Fpn (¢) §

A9 1Y11TrryUAMNnD



14 NAVAL RESEARCH LABORATORY,

Sl 7(r + 2p) (91)
[ cos n¢ z
4F1q e 4 Fpp (6)
Substituting (91) in (87), E(F1n 29S8 Né_ Fnn)
In = COoS ¢ )
cosng (92)
w(r + 2p) g

8Ppr_ 8r3(2j)°Ryg 16r Rnlp

b=y = ol (93)

Substituting (91) and (92) in (93),

cos n

4 In 2 - nn

ul cos’ n¢ E 2y 4
cos® ¢

We notice that (94) is equal to (31) when p = 0 but is slightly less than (30) whenp> 0.

Figure 9 - Full-wave tuned generator feeding a tuned load

CASE VI: FULL-WAVE TUNED GENERATOR, TUNED LOAD

For the tuned generator, tuned load case (Figure 9), we can write the following equa-
tions for the period of rectifier conduction. In the A’ loop

E cc;S wt _ 1121'1 cos wt + i(t)p + (IAn + IBn) Rncosnwt . (95)
In the “B” loop
Ecoswt_I1Tl o5t + i(t)p + (IAn + IBn) Rncosnwt . (96)
2 2

As in the previous case, current can be assumed to flow in the “A” loop from
-¢A to + oA and in the “B"” loop from 7- ¢A to 7 + ¢A radians.
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So
_ 2 (9 [E~IA1 r1 ] ;
Ingm = o L’ i coswt - (IAn '+ IBn)Rn cos nwt | cos mwt d(wt); (97)
m E + IB1T
IBm = ?2- -[ [e(-—zBu)coswt-(IAn+IBn)Rn cos n wt] cos nwt d(wt) .
P -”_¢A
(98)
Form=1,-
1 TE-IA1Trl
ai= 35 [—2—F11(¢A) - (IAn + IBn)Rn F1n(¢A)] . (99)
Using (80) and (82),
~Igj = 1x3 . (100)
For m = n and IB] = -IA1,
E-Ijagr
Ian = ;,1;[—2—3*—1 Fin () - (IAn + IBn)Rn Fan () ]ﬁ*“; (101)
1 [ E-IA1T1 m
=—=|_ = Ry F .
e = F1n®) - (an+Ip)Ra nnw]ﬂm (102)
Using (80) and (82),
Ipn = Igp - (103)
Let IA1 = IJAn = In, ¢A = ¢, and Fmn(¢) = Fmn. Then
_ 1 [E-I1n . 2 F :I : 104
L= 0 ) F11 nBn Fin| 3 (104)
E-1
£ e wlp [—21—”- Fin - 2InRa an] : (105)
From these two equations,
EF11 (27p + 4FnnRn) - 4E FinRa
I = . ; (106)
(2mp + F1171)(27p+4FnnRn) -4F1nriRy
2mp E Fin
s g (107)
(27p + F11r1) (27p + 4 FnnRn) 4FInr1Rnp
From (99) the cutoff equation for the “A” loop is
(E-Ijr1) cos¢ = 2Epcosné. (108)

Substituting (106) and (107) in (108), we obtain
0
cos n 4
2 [Fln ‘_"-(;05 ; - an] (109)

Rn=

AT ITrrrTIAMDND
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TABLE 2
Equations for Gn
Half Wave Full Wave
Gain for Resistive Generator, Resistive Load
16r R 641 R
7 (n2- 12 (r + p + R)2 72(n2- 1) (r + 2p + 2 R)?
for p = 0,Gp maximized
e § T 1 B SR
72 (n2 - 1)2 72 (n2 - 1)2
Gain for Resistive Generator, Tuned Load
cosn ¢ cosng¢ )
( )(F cos ¢ an) ( . ) (4) In =559 Fon §
0S n T+ cos’ n ¢ (r+2p)
= : =

Approximate Maximum Gain

8 r 8 r
e = 1)3(1' +p m2 (nz - 1)2 (r + 2p

Gain for Tuned Generator, Tuned Load

cos n ¢ cosng

Fin ~Gos¢ - Fmn Soa b - Fnn
=5 (u 55t - ) c—é’fs-%‘t( 1,55 =)
Approximate Maximum Gain
4 &

arR® —1)2 72 (n2 - 1)2
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Substituting (109) in (107),

E(F1 MF,“)

In = cos n gn == cos n¢ ; (H10)
27p co5 b + Fi11ri1 cosé Finrjl
1 2 2
Pp = 5 (2In)" Ry = 2Ip Ry (111)
_2IfRn 1614 r1Rn

L T E? ) (112)

4rq '

Substituting (109) and (110) in (112),

cos n
8mp ry (Fln =i an)

. (113)
cos no (F cosné_ g )2
2 cosd FEIA s coso n

G, =

From (109), ¢ does not depend on ri so we can maximize Gn with respect to ri:

cosn ¢
max ri Fin coSp Fnn
n i (114)

cos n ¢ ( cos n ¢
cos ¢ 11 =559 Fin

We notice that (114) is equal to (48), so for the tuned generator tuned load case the full-
wave rectifier has no advantage in harmonic gain over the half-wave rectifier.
CONCLUSIONS

The gain of unbiased linear rectifier circuits as harmonic power generators decreases
as 1/r* (n® - 1)?], where n is the order of the harmonic and is an even number. Exact

equations are given in Table 2.

High harmonic orders may be obtained by several multiplier stages or by only one
with little difference in harmonic gain.
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